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ABSTRACT

Chen, Ji. Ph.D., Purdue University, May 2016. Investigating and Expanding the
Functionality of RNA Catalysts: Studies of the Hepatitis Delta Virus, the Hammerhead,
and the Aminoacyl-tRNA synthetase-like Ribozymes. Major Professor: Barbara Golden

Ribozymes, just like protein enzymes, catalyze diverse chemical reactions. The first goal
of this dissertation is to understand the mechanism of ribozyme-mediated
phosphodiester cleavage reaction. Biochemical assays and X-ray crystallography were
used for probing the active site of two small self-cleaving ribozymes, the hepatitis delta
virus (HDV) ribozyme and the hammerhead ribozyme. Results presented here suggest
that divalent metal ions play critical roles in the catalytic mechanisms of both the HDV
and the hammerhead ribozymes. In the HDV ribozyme, the result is consistent with an
active site Mg2+ being directly involved in catalysis. In the hammerhead ribozyme,
however, Mg2+ ions likely indirectly influence catalysis through binding to the active site
nucleotides. The second goal of this dissertation is to engineer an artificial ribozyme that
mimics the function of the natural aminoacyl-tRNA synthetase. The design was based on
the sequence of a naturally occurring riboswitch and an in vitro selected ribozyme that
could charge tRNA with chemically synthesized unnatural amino acid substrates. The
engineered ribozyme reported here serves as a prototype that could ultimately be used
for site-specific incorporation of unnatural amino acids into proteins in cells.
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CHAPTER 1. INTRODUCTION

1.1

Overview of naturally occurring ribozymes

Since the discovery that RNA molecules can act as catalysts to perform complex
chemical reactions, extensive efforts have been made to understand the evolutionary
history and functions of these catalytic RNAs or ribozymes. In the past three decades,
numerous ribozymes have been discovered and characterized. Of particular biological
significance is the finding that the ribosome uses RNA to catalyze protein synthesis (1-3).
This is in sharp contrast to the original thought that protein was the catalytic unit within
the ribosome and RNA only played an auxiliary structural role. More recently, it was
proposed that the spliceosome, despite of being mainly made of proteins, uses RNA to
catalyze eukaryotic pre-mRNA splicing (4-6). Although both ribosomes and
spliceosomes have co-evolved with protein components and carry out their functions as
dynamic ribonucleoprotein complexes, RNA seems to be the centerpiece of these
essential catalysts in modern biology.
Naturally occurring ribozymes catalyze peptidyl-transfer and phosphoryl-transfer
reactions. The former includes the ribosome. The latter includes the RNase P, the selfsplicing group I/II introns, small self-cleaving ribozymes, and likely the spliceosome. The
ribosome catalyzes the peptide bond formation, which is a central process in translation
(1). The RNase P catalyzes the cleavage of the 5’-leader sequence of precursor tRNA
(7). These two ribozymes are evolutionarily conserved and considered ubiquitous in all
life. Group I and group II introns catalyze RNA self-splicings in a wide range of bacteria,
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fungi and plants. They excise themselves from the RNA precursor and ligate the
adjoining exons through two distinct mechanisms (8,9). The group I intron binds an
exogenous guanosine to initiate the first step of the splicing reaction. In comparison, the
group II intron uses a branched adenosine from its own sequence to initiate self-splicing.
The latter process is mechanistically similar to the spliceosome-mediated pre-mRNA
splicing. Therefore, it is believed that the spliceosome, which is universal in eukaryotes
and remarkably complex, may have evolved from the catalytic group II intron.
The catalytic activities of the ribosome and spliceosome are critically dependent
upon their protein subunits both in vitro and in vivo, despite that the catalytic cores of
both ribozymes are made of RNA (1,2,6). Mechanistically, the ribosome catalyzes the
peptide bond formation through substrate positioning and stabilization of the transition
state (10,11). The spliceosome is proposed to catalyze the two-step splicing reaction via
a two metal-ion-mediated catalytic mechanism (4). Unlike the ribosome and spliceosome,
in which proteins are indispensible for catalysis, RNase P, group I and group II introns
can retain at least partial activity in vitro in the complete absence of protein (8,12). These
three ribozymes, similar to the spliceosome, are proposed to use the two-metal-ion
catalytic mechanism and are obligate metalloenzymes (8,13).
The phosphoryl-transfer reaction is not exclusive to RNase P or the self-splicing
introns. These ribozymes are typically greater than 200 nucleotides (nt) and are defined
as large ribozymes. Besides those, there are also nine naturally occurring small selfcleaving ribozymes. These ribozymes are termed, in chronological order, the
hammerhead, the hairpin, the hepatitis delta virus (HDV), the Varkud satellite (VS),
glucosamine-6-phosphate activated (glmS), twister, and very recently twister sister,
hatchet and pistol (14-16). As opposed to the large ribozymes, which are greater than
200-nt, small self-cleaving ribozymes are only 50-to 150-nt in size. The smaller size
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makes them more tractable for structure and function studies. Regarding the catalytic
mechanism, all self-cleaving ribozymes are proposed to use general acid-base catalysis
(Figure 1.1) (14,17,18). In this mechanism, a general base (typically a guanine)
withdraws a proton from the 2’-hydroxyl (2’-OH) of the cleavage site nucleotide. This
activates the 2’-O nucleophile and prepares it for the nucleophilic attack on the scissile
phosphate through an SN2-type mechanism. During product release, the 5’-O leaving
group departs from the scissile phosphate. A general acid, typically a nucleobase close
by, stabilizes the 5’-leaving oxygen and donates a proton. The reaction generates a 2’,
3’-cyclic phosphate on the 5’-cleavage product and a 5’-OH on the 3’-cleavage product
(Figure 1.1).
RNA molecules are believed to precede DNA and proteins, and play central roles
on early Earth (i.e. more than 3.5 billions years ago) (19). In the RNA world hypothesis,
RNA molecules are proposed to replicate and evolve in the complete absence of protein.
The ability of RNA to store genetic information is apparent, however, it appears that the
catalytic role of RNAs has largely been taken over by protein-based enzymes. In modern
biology, protein enzymes catalyze the essential DNA replication and transcription
processes. Nevertheless, many ribozymes survived natural selection, and some of them,
such as RNase P and the ribosome, still play essential roles in modern life. Ribozymes
are widely considered as molecular fossils from the RNA world (19). Therefore,
understanding the structure and function of these ancestral catalysts may provide clues
of how primordial RNA molecules carried out their functions and supported primitive life
on early Earth. Ribozymes also provide rich information about evolution. One example
comes from the study of RNase P. RNase P RNAs appear to be conserved across all
three domains of life, suggesting that they may arise from a common ancestor (20).
However, RNase P holoenzymes appear to have increased structural complexity by
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having more and more protein subunits from bacteria to archaea to eukaryotes (20). This
may reflect the selection pressure to evolve more complex functionality to meet the
demand of cells. In cells, ribozymes are far more than just “molecular fossils”. At least
two ribozymes, namely RNase P and the ribosome, are universally conserved and
essential for life. Dysfunction of these two ribozymes causes many diseases (21-23). By
studying them, we may find solutions to cure diseases and improve human health.
Overall, understanding how ribozymes work is fundamentally important and profoundly
valuable in science.

5

Figure 1.1. RNA self-cleavage catalyzed by small self-cleaving ribozymes.
Left. The reaction pathway typically involves a general base (: B) and a general acid (AH). The general base activates the 2’-OH of the nucleobase immediately upstream of the
scissile phoshphate (Base-1) for nucleophilic attack, while a general acid is within
hydrogen bonding distance with the 5’-oxygen of the downstream nucleotide (Base+1).
Middle. The reaction proceeds through a trigonal bipyramidal transition state, where the
phosphorus is pentacoordinated. Right. The reaction produces a 2’, 3’-cyclic phosphate
at Base-1, and the general acid donates its proton to the 5’-leaving oxygen to produce a
hydroxyl. This figure is adapted from ref (14).
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1.2

Biological relevance of naturally occurring small self-cleaving ribozymes

Among the naturally occurring small self-cleaving ribozymes, five of them have clearly
defined biological roles, in which four of them, including the hammerhead ribozyme, the
hairpin ribozyme, the HDV ribozyme and the VS ribozyme were discovered from the
satellite RNAs (14). The glmS ribozyme represents a unique class. Unlike the other selfcleaving ribozymes, the glmS ribozyme functions as a metabolite-dependent genetic
switch that controls gene expression in Gram-positive bacteria (24). Recently,
bioinformatics studies performed by Breaker and co-workers identified several novel
self-cleaving ribozymes, which are named twister, twister sister, pistol and hatchet
(15,16). This and other bioinformatics studies clearly demonstrated that small selfcleaving ribozymes are widespread in all domains of life (25,26). However, despite their
wide distribution in life, there is currently a lack of a universal picture of how small selfcleaving ribozymes fit into modern biology. One important question to address is: do
they regulate critical biological processes in cellular organisms? Not long ago, small selfcleaving ribozymes were thought to be subviral idiosyncrasies and the answer to the
above question seemed to be false. With the identification of the glmS ribozyme, the
expansion of the existing ribozyme classes, and discoveries of many other novel
ribozyme classes in recent years, it became more and more apparent that we had
underestimated the biological significance of self-cleaving ribozymes. In fact, we are just
beginning to realize the prevalence and importance of non-coding RNAs, including
ribozymes, in cellular environments. By analogy, well before the microRNA is widely
recognized as a prevalent regulator that mediates RNA silencing in eukaryotes, it was
once thought to be unique and for many years had only one single example in
nematodes (27). It is thus possible that what we currently know about the small selfcleaving ribozyme is perhaps, by analogy, a tip of the iceberg. Comprehensive
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understanding of their biological significance requires more discoveries and perhaps
even groundbreaking ones. Nevertheless, this section briefly summarizes our current
understanding of the biology of small self-cleaving ribozymes.
The hammerhead and the hairpin ribozymes are the first two self-cleaving
ribozymes discovered (28,29). In the initial reports, the hammerhead ribozyme and the
hairpin ribozyme were found in the genomic and the antigenomic strands of the satellite
RNA of the tobacco ringspot virus, respectively. The satellite RNA, in which the ribozyme
resides, is an infectious single-stranded circular nucleic acid agent that contains ~360
nucleotides and replicates through a rolling circle mechanism (Figure 1.2A) (30). The
satellite itself does not encode any protein and must rely on the host polymerase as well
as the envelope proteins from the helper virus (i.e. the tobacco ringspot virus) for
replication and packaging. During replication, the host polymerase uses the circular
satellite RNA as a template (genomic) to generate a linear antigenomic daughter strand.
The newly synthesized strand contains multiple copies of the satellite RNA genome in
tandem. Ribozymes (i.e. the hairpin ribozyme), spaced at regular intervals, cleave in cis
to transform the long RNA concatemer into unit-length copies of which each copy
contains a single genome (14,31). It is also assumed that the reverse reaction (i.e.
ligation) is also catalyzed by the hairpin ribozyme to generate the circular form of the
antigenomic satellite, which is subsequently used as a template to reproduce the
genomic satellite (30). This time, the hammerhead ribozyme is responsible for the
cleavage and ligation of the satellite genome.
The HDV ribozyme was discovered from a distinct biological context outside
plant viruses. It was found in the single-stranded RNA genome of the hepatitis delta
virus (32). Similar to the plant satellite, HDV relies on the host polymerase and a helper
virus, the hepatitis B virus (HBV), for replication and packaging (33). Hepatitis D is a
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deficient virus and is not infectious by itself. However, upon coinfection or superinfection
with HBV, HDV can cause severe liver damage. Patients coinfected with HBV and HDV
develop more severe liver disease than patients who have HBV alone. Worldwide, it is
estimated that ~20 million people are infected with HDV, which accounts for ~5% of total
HBV infection (33). The RNA genome of HDV contains ~1700 nucleotides, about 5 times
larger than a typical plant satellite RNA. Same as the plant satellite RNA, the circular
HDV genome replicates through the rolling circle mechanism (Figure 1.2A). The
genomic and antigenomic HDV ribozymes are responsible for cleaving the long
concatemer into monomeric pieces for the subsequent self-ligation. Unlike the plant
satellite RNA, which does not encode any protein, the antigenomic strand of HDV
encodes a critical protein termed the delta antigen (33). The delta antigen was shown to
be essential for the replication and particle assembly of HDV.
The VS ribozyme is the last self-cleaving ribozyme class that was discovered in
the context of RNA satellites. It was identified from the mitochondria of the Varkud strain
of Nuerospora (34). The VS ribozyme is embedded in the RNA transcript of the
mitochondrial plasmid (VS plasmid) in Nuerospora. The VS RNA is considered as a
satellite to the plasmid (35). Unlike any previously identified satellite RNA that carries the
self-cleaving ribozyme, the VS plasmid, analogous to a helper virus, encodes a reverse
transcriptase. The plasmid replicates through an RNA intermediate, which upon
processing by the VS ribozyme, is reversely transcribed by its own reverse transcriptase.
Similar to other self-cleaving satellite RNAs, the VS ribozyme is responsible for
processing the RNA intermediate through self-cleavage and ligation.
In 2002, a new class of gene regulatory noncoding RNA was defined. This RNA,
termed riboswitch, is commonly found in the 5’-UTR of a metabolic gene in bacteria
(36,37). A typical riboswitch is composed of an aptamer domain and an expression
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platform domain. The aptamer domain specifically recognizes a ligand, usually a small
molecule metabolite produced by the gene under control. The expression platform
senses the metabolite-binding status of the aptamer and, typically, undergoes a
conformational change to turn off or, in some cases, turn on gene expression by
regulating transcription termination or translation initiation processes (38).
In an effort to identify more distinct riboswitch classes in bacteria, Breaker and
colleagues carried out a bioinformatics study. They identified a highly structured RNA
motif with characteristics of a riboswitch in the 5’-UTR of the glmS gene in Bacillus
subtilis and several other Gram-positive bacteria (24). The glmS gene encodes an
enzyme that produces the glucosamine-6-phosphate (GlcN6P). They found that this
novel RNA motif undergoes self-cleavage upon binding to GlcN6P, hence the name
glmS ribozyme. The GlcN6P-triggered self-cleavage turns off the expression of the glmS
gene, therefore provides negative feedback regulation of the gene (Figure 1.2B). This
novel regulatory mechanism serves as an example to demonstrate how small selfcleaving ribozymes can be utilized by nature to regulate metabolism in bacterial cells.
To date, the glmS ribozyme represents the only naturally occurring self-cleaving
ribozyme that has been shown to regulate gene expression in its natural biological
setting. However, accumulating evidence suggests that other small self-cleaving
ribozymes are also likely involved in gene regulation in various organisms including
mammals. This includes an exciting discovery, by Scott and colleagues, of a
discontinuous hammerhead motif located at the 3’-UTR of rodent C-type lectin type II
genes (39). As a proof of principle, it was demonstrated that the 3’-UTR alone, in which
the hammerhead motif is embedded, is capable of self-cleavage and reducing the
expression of a reporter gene in mammalian cells (39). More evidence in support of the
regulatory roles of small self-cleaving ribozymes in gene function comes from genomic
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studies of the HDV ribozyme by Szostak, Luptak and co-workers. First, an HDV-like
ribozyme was found in an intron of human cytoplasmic polyadenylation element-binding
protein 3 (CPEB3) (40). The CPEB3 ribozyme was shown to be catalytically active in
vitro. This study was followed up by a comprehensive bioinformatic search. It was
revealed by bioinformatics, that the HDV-like ribozymes are widespread in biology (25).
Their genetic contexts suggest possible roles in retrotransposition. Importantly, one
representative of these newfound HDV-like ribozymes, found in the malaria-causing
mosquito Anopheles gambiae, appears to be catalytically active and developmentally
regulated in vivo (25).
More recently, thousands of hammerhead ribozymes were found in a variety of
genetic contexts in the genomes from organisms representing all domains of life
(26,41,42). In addition, a novel small self-cleaving ribozyme class, termed the twister
ribozyme, was also identified (43). Like the hammerhead, the twister ribozyme was
shown to be widespread in nature. It is very likely that more representatives of the
existing ribozyme classes, and many new classes will be uncovered in the near future. It
is therefore very likely that small self-cleaving ribozymes may play unprecedented roles
in biology.
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Figure 1.2. Biological functions of small self-cleaving ribozymes.
A. Genomic (red) and antigenomic (blue) satellite RNA are replicated through the rolling
circle mechanism. Triangles indicate the sites of self-cleavage. B. The glmS ribozyme
lies in the 5’-UTR of the glmS gene, and self-cleaves upon binding of the gene product
GlcN6P. The cleaved mRNA is degraded by RNase J1, which reduces the production of
the GlcN6P synthetase (44).
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1.3

Roles of divalent metal ions in small self-cleaving ribozyme catalysis

It was once thought that all small self-cleaving ribozymes were metalloenzymes, similar
to the mechanistically related group I and group II catalytic introns. However, it was later
shown that all small self-cleaving ribozymes retain at least some residual activity in the
presence of high concentrations of monovalent cations alone (43,45-47). This suggests
that RNA itself, sufficiently folded by cations, is actively involved in catalysis. So far,
metal-independent RNA catalysis appears to be unique in self-cleaving ribozymes. In the
related self-splicing introns, RNA merely serves as a scaffold to coordinate catalytic
metal ions around the active site (8).
Under physiological conditions, Mg2+ is the most probable divalent metal ion.
Mg2+-independent reaction pathway is proposed for at least four out of six small selfcleaving ribozymes based on a number of X-ray crystal structures and biochemical
studies. These include the hairpin, the VS, the glmS and the twister ribozymes (17,48).
In these ribozymes, Mg2+ is proposed to play a structural, rather than a catalytic role, by
folding the RNA through electrostatic interactions.
For the HDV ribozyme, however, a number of experiments suggest that divalent
metal ions play a direct role in catalysis (46,49,50). In the HDV ribozyme, a Mg2+ ion may
serve as a general base by withdrawing a proton from the 2’-OH nucleophile through its
metal hydration shell (46). Alternatively, this Mg2+ ion may serve as a Lewis acid through
direct binding. This lowers the pKa of the 2’-OH nucleophile and thereby facilitates the
removal of the proton (50,51). In both cases, the 2’-OH of the nucleotide upstream of the
cleavage site is activated by a Mg2+ ion for nucleophilic attack on the scissile phosphate
(Figure 1.3). In addition to its role in nucleophile activation, both structural and
biochemical data suggest that the same Mg2+ ion directly coordinates to the pro-Rp
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oxygen of the scissile phosphate, and thereby stabilizes the negative charge on the
scissile phosphate (50,52).
In the hammerhead ribozyme, the role of Mg2+ in catalysis remains unclear.
Cobalt hexammine is typically used to mimic the fully hydrated Mg2+ ion due to similar
ionic radius and coordination number (53). However, cobalt hexammine lacks the ability
to exchange amine ligands with RNA moieties, therefore cannot bind RNA directly. It
was shown that cobalt hexammine is inhibitory to the hammerhead ribozyme reaction,
suggesting that diffuse bindings by fully hydrated metal cations are not sufficient for
hammerhead catalysis (53,54). Therefore, Mg2+ ions likely bind the hammerhead
ribozyme in a highly coordinated manner. More experimental support for direct Mg2+RNA coordination comes from cadmium (Cd2+) rescue studies. Herschlag and DeRose
showed that the thiophilic Cd2+ ion could rescue the deleterious effect of
phosphorothioate substitution on the pro-Rp oxygen of the scissile phosphate in two
different hammerhead ribozyme constructs (55,56). This suggests that divalent metal
ions may be involved in transition state stabilization. Additional proposals for the role of
Mg2+ ions in hammerhead ribozyme catalysis include direct involvement in acid-base
catalysis, as well as perturbing the pKas of critical functional groups near the scissile
phosphate (57). Although the hammerhead ribozyme is possibly the most heavily
studied small self-cleaving ribozyme, its reaction mechanism remains surprisingly
inconclusive. Despite a strong implication for a Mg2+-dependent reaction mechanism,
none of the crystal structures published so far resolve a divalent metal ion in the active
site of the ribozyme (58). A significant portion of work presented in this thesis aims at
deciphering the role of Mg2+ in hammerhead ribozyme catalysis (Chapter 3).
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Figure 1.3. Catalytic Mg2+ ions in the HDV and the hammerhead ribozymes.
Left. The cleavage site of the HDV ribozyme. The scissile phosphate is located between
U (-1) and G1. In this model, a Mg2+ ion bound to the active site may serve as a general
base. Alternatively, it may serve as a Lewis acid by direct binding to the 2’-OH
nucleophile. This requires the involvement of a base (B:) to deprotonate the 2’-OH. It is
also possible that this Mg2+ ion plays a dual role as general base and Lewis acid. Note
that C75 serves as a general acid to protonate the 5’-leaving oxygen. Right. The
cleavage site of the hammerhead ribozyme. The scissile phosphate is located between
C17 and U1.1. In this model, G12 serves as a general base to deprotonate the 2’-OH,
while the 2’-OH of G8 may serve as a general acid by making a hydrogen bond and
transferring a proton to the 5’-O leaving group of U1.1 (59). Mg2+ ions may also play
critical roles in catalysis by binding to the nucleophile, the nonbridging oxygen of the
scissile phosphate, and/or the 5’-leaving oxygen (57).
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1.4

Artificial ribozymes with novel functionality and the discovery of flexizyme

Besides the ribosome, all natural ribozymes catalyze the phosphoryl-transfer reaction.
The lack of chemical diversity from the four ribonucleotides may explain why ribozymes
capable of catalyzing other types of reactions, possibly on the primordial Earth, have
disappeared and were replaced by protein enzymes. In spite of that, ribozymes can be
selected in vitro in order to catalyze chemical reactions analogous to those done by
protein-based enzymes. One notable example is the in vitro selected RNA polymerase
ribozymes (60,61). Ribozyme-mediated RNA polymerization is essential for the
replication and survival of the primordial RNA catalysts in the RNA world. Despite that
both DNA replication and RNA transcription processes are mediated by protein-base
polymerases nowadays, artificially designed ribozymes prove to be capable of catalyzing
polymerization reactions in a highly processive manner (61). Besides, it was also shown
that RNA as short as 5-nt, is capable of aminoacylating short RNAs using an AMPactivated amino acid (62). This suggests that the tRNA aminoacylation we see today
may also have an ancient origin in the RNA world. Using in vitro selection, many other
artificial ribozymes were made. They catalyze a wide variety of chemical reactions such
as alkylation, carbon-carbon bond formation, etc. (63).
Besides the motivation for testing the RNA world hypothesis, in vitro selected
ribozymes have been developed into new biotechnologies. Numerous self-cleaving
ribozymes have been selected to detect intracellular metabolite binding or even protein
binding (64-66). These allosteric self-cleaving ribozymes can be used as biosensors to
monitor metabolite level in vivo. They can also be used as transcriptional or translational
regulators to control gene expression. In 2001, Hiroaki Suga and coworkers used in vitro
selection to obtain a catalytic precursor tRNA, which can aminoacylate the 3’-end of its
own tRNA using a chemically activated phenylalanine donor (67). This self-
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aminoacylating ribozyme could be converted into a trans-acting ribozyme that charges a
separate tRNA substrate. Further engineering and selection efforts have been made to
improve the catalytic activity of the ribozyme and substrate versatility towards the amino
acid donor. This led to the discovery of flexizyme (Fx3) (68,69). Flexizyme was able to
charge not only the activated phenylalanine but also a variety of other aromatic amino
acid substrates onto tRNAs. In 2006, the Suga lab reported two second-generation
flexizymes, the enhanced flexizyme (eFx) and dinitro-flexizyme (dFx) (70). Compared to
the original Fx3, eFx showed improved catalytic activity towards the aromatic amino acid
substrates, while dFx showed much greater substrate versatility. Significantly, dFx was
able to recognize a wide variety of nonaromatic acid substrates, including seventeen out
of twenty natural amino acids as well as a number of unnatural amino acids and hydroxyl
acid substrates. This extraordinary versatility originates from the mechanism by which
flexizyme recognizes its substrate. It has been proposed that the aromatic moiety on the
acid substrate is necessary for flexizyme recognition, which explains why Fx3 and eFx
can only use aromatic amino acids. In order to expand the substrate repertoire and allow
the flexizyme to be a versatile catalyst towards diverse side chains, the aromatic moiety
was incorporated into the leaving group rather than the side chain. This creates a new
class of acid substrates that are activated by 3, 5-dinitrobenzyl ester (DBE) (Figure 1.4).
Unlike Fx3 and eFx, dFx was selected for recognizing a model substrate that was
uniquely activated by DBE (Figure 1.4). Therefore, the activity of dFx was largely
independent of the identity of side chains. Using an in vitro translation system, eFx and
dFx were shown to reprogram the genetic code, which generated nonstandard peptides
incorporating the unnatural amino acid (71,72). Looking into the future, it remains to be
seen whether some of these in vitro-generated peptides can be used for developing new
applications and improving human therapeutics.
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Figure 1.4. Amino acid substrate recognition by dinitro-flexizyme (dFx).
Left. 3, 5-dinitrobenzyl ester (DBE) is attached to the carbonyl group of the amino acid
of interest. A variety of functional groups (R group) can be accommodated in the side
chain position. Right. The secondary structure of dFx bound to the DBE-activated amino
acid substrate. dFx also binds tRNA (shown as a schematic diagram) by forming a 3base pair interaction with the 3’-end of tRNA (shown in green). Critical residues involved
in amino acid recognition are shown in red. A UU dinucleotide is also shown in red due
to its conservation during the course of in vitro selection. The bound DBE-activated
amino acid (aa-DBE) is shown as a yellow hexagon. This figure is adapted from ref (69).
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1.5

Objectives of this work

The first part of this dissertation (Chapter 2 and 3) explores the catalytic mechanisms of
the HDV and the hammerhead ribozymes, with a strong focus on elucidating the roles of
divalent metal ions bound to the active site of these two ribozymes. The long-term goal
of this study is to provide a global picture of how small self-cleaving ribozymes execute
catalysis. Catalytic mechanisms used by other small self-cleaving ribozymes are
reviewed in Chapter 4. The second part of this dissertation (Chapter 5) focuses on
engineering of an artificial ribozyme. This engineered ribozyme recognizes a cognate
tRNA and charges an unnatural amino acid onto the tRNA substrate. This prototype
ribozyme is named after its function: specific tRNA aminoacylating ribozyme
(STARzyme). The long-term goal of this work is to use STARzyme for site-specific
incorporation of unnatural amino acids into proteins.
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CHAPTER 2. IDENTIFICATION OF THE CATALYTIC MG2+ ION IN THE HDV
RIBOZYME

2.1

Declaration of collaborative work

Ji Chen prepared the RNA sample and performed the kinetics experiments. Abir
Ganguly performed molecular dynamics and electrostatics calculations. Zulaika Miswan
prepared the plasmid for the trans-acting HDV G25AU20C double mutant ribozyme.
Philip C. Bevilacqua and Barbara L. Golden supervised the project.
Ji Chen contributed to Figure 2.1, 2.2, 2.4, 2.5, 2.6, 2.7 and Table 2.2; Abir
Ganguly contributed to Figure 2.3, 2.8 and Table 2.1; Philip C. Bevilacqua contributed to
Figure 2.9, 2.10; Barbara L. Golden contributed to Figure 2.1, 2.10; Ji Chen, Abir
Ganguly, Sharon Hammes-Schiffer, Philip C. Bevilacqua and Barbara L. Golden
analyzed the data, wrote and edited the final draft. All the figures, tables and text are
published and are reprinted with permission from ref (51). Copyright (2013) American
Chemical Scoiety.

2.2

Introduction

The HDV ribozymes were originally identified in the genomic and antigenomic RNAs
produced by the human hepatitis delta virus and are integral to the viral life cycle. These
ribozymes have a conserved secondary structure comprised of five short basepaired
double helices arranged in a double-pseudoknoted topology (Figure 2.1)(73,74). Key
nucleotides in the active site are conserved (Figure 2.1). For many years, these
ribozymes were believed to be rare in nature and found only within HDV RNAs. Recently,
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however, HDV-like ribozymes have been discovered in a wide variety of organisms,
where they may play essential roles in regulation of gene expression (25,40,75-77).
Similar to other small nucleolytic ribozymes, the HDV ribozyme activates the 2’OH of the nucleotide upstream of the scissile phosphate for nucleophilic attack at the
scissile phosphate. This reaction results in the formation of products that contain 2’, 3’cyclic phosphate and 5’-OH termini. Many of the small nucleolytic ribozymes use
nucleobases in their catalytic mechanisms (78). These nucleobases often appear to
serve as general acids, donating a proton to the 5’-O leaving group. Both the HDV
ribozyme and the hairpin ribozyme shift the pKa of the general acid (C75 for the HDV
ribozyme and A38 for the hairpin ribozyme) toward neutrality, thereby increasing
reactivity (79,80). In addition, hammerhead, hairpin and VS ribozymes have guanosine
bases in good position to serve as a general base(59,81,82), although other roles such
as positioning and electrostatic stabilization remain possible and may be mutually
compatible with general base catalysis(83,84).
Metal ion catalysis is common in large ribozymes, including group I and group II
introns, RNase P and, likely, the spliceosome (85-89). The smaller, nucleolytic
ribozymes can function in the absence of divalent cations, a characteristic that initially
suggested metal ions may not play catalytic roles in their mechanism (45). However,
there is significant evidence that a Mg2+ ion participates in the cleavage reaction of the
HDV ribozyme in biologically relevant buffer conditions. For example, the pH-rate profile
is inverted when Mg2+ is removed from the reaction, suggesting a change in reaction
mechanism in the absence of metal ions (46,90,91). The catalytic metal ion has been
estimated to contribute at least 25-fold to the rate of the HDV ribozyme cleavage step
(90), and similar values are estimated for the hammerhead ribozyme reaction (92,93).
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Although the HDV ribozyme can function in the absence of divalent metal ions,
under physiological buffer conditions catalysis depends on the presence of divalent
metal cations such as Mg2+(94). These divalent cations both facilitate folding of the RNA
and appear to participate in catalysis (49,90). A recent crystal structure resolved a Mg2+
ion within the active site of the HDV ribozyme (50,95). When the cleavage site
dinucleotide was modeled into this crystal structure, the Mg2+ ion was observed to
directly bind to the 2’-O of U(-1), which serves as the nucleophile, and to the pro-RP
oxygen of the scissile phosphate (Figure 1B). This suggested that the active site Mg2+
ion could act as a Lewis acid to activate the 2’-OH nucleophile and stabilize negative
charge on the non-bridging oxygen of the scissile phosphate. Testing the functional
relevance of this Mg2+ ion is especially important because the conformation of the HDV
ribozyme cleavage site was not unambiguously determined by the electron density (50).
Although the solution biochemical experiments have suggested that a Mg2+ ion
may play a direct role in the HDV ribozyme cleavage reaction, no data functionally
linking the active site Mg2+ ion observed in the crystal structure to a role in the cleavage
reaction are yet available. A phosphorothioate substitution at the pro-RP oxygen of G1, a
ligand to the active site Mg2+, is disruptive to catalysis (96). However, this modification
was not rescued by a thiophilic metal ion, and thus a functional interaction between the
scissile phosphate and the active site Mg2+ ion has not yet been demonstrated.
The active site Mg2+ ion has additional interactions with the ribozyme. It forms a
single inner-sphere ligand to the ribozyme core, the pro-SP oxygen of U23. In addition, a
rare but conserved reverse wobble pair, G25•U20, helps position this Mg2+ ion: atoms
from this base pair serve as second shell ligands that hydrogen bond to the hydration
shell of the Mg2+ ion (Figure 2.1B). To address the question of whether the active site
Mg2+ ion plays a catalytic role in HDV ribozyme, we have characterized the effects of
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perturbing these outer sphere ligands. The G25•U20 reverse wobble base pair was
mutated to an isosteric A25•C20 base pair (Figure 2.1C). We find that this mutation is
sufficient to disrupt binding of the active site Mg2+ ion and that the cleavage reaction of
the A25•C20 double mutant uses a Mg2+-free mechanism. These findings suggest that
the active site Mg2+ ion observed in the crystal structure plays a direct role in the
cleavage reaction of the WT HDV ribozyme.
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Figure 2.1. The structure of the HDV ribozyme.
A. Secondary structure of the two-piece WT HDV ribozyme used in this study, showing
the substrate strand with its attached fluorophore, DY547. Nucleotides U-1, G1, G25,
U20 and C75 are in bold and numbered. This is the same RNA used in our pre-cleavage
crystal structure (50). Numbering restarts in the truncated P4 to be consistent with the
WT ribozyme. B. Tertiary structural features of the WT ribozyme pdbid 3NKB(50)
showing the G25•U20 reverse wobble, the cleavage site dinucleotide, and the active site
Mg2+ ion. C. An isosteric reverse wobble that could form in the A25•C20 double mutant.
Note that the Mg2+ ion is present in the G•U reverse wobble but appears to be absent in
the G25A•U20C double mutant (see text). Panels B and C were generated with Pymol
(97). D. HDV ribozyme cleavage mechanism. C75 has a pKa that is shifted towards
neutrality and is in good position to serve as a general acid. The active site Mg2+ ion is
positioned to activate the nucleophile. The identity of the functional group that accepts
the proton from the 2’-OH of U(-1) is unknown, but candidates include hydroxide from
the solvent, a Mg2+-bound hydroxide, and the 2’-OH of G27. See Figure 2.10 for further
details.
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2.3
2.3.1

Materials and methods

RNA preparation

The 74 nt trans-acting HDV ribozyme was designed based on a fast-folding version
whose crystal structure has been determined trapped in the pre-cleavage state (50). A
63 nt RNA (termed the ‘ribozyme strand’) was made by large-scale in vitro transcription
and purified by urea denaturing gel electrophoresis as previously described (50). A 5’DY547-labeled 11 nucleotide fluorescent RNA (termed the ‘substrate strand’) was
prepared by chemical synthesis. The sequence of this strand is 5’-(DY547)UAU*GGCUUGCA, where ‘*’ indicates the cleavage site. The substrate strand was
purchased from Thermo Scientific, deprotected, and desalted by following the
manufacturer’s protocols.

2.3.2

Ribozyme kinetics and data Fitting

Rate constants for ribozyme reactions were obtained using single-turnover cleavage
assays. In these, the ribozyme and DY547-tagged substrate RNAs were mixed to
achieve final concentrations of 5 µM ribozyme and 50 nM substrate in 50 mM of the
indicated buffer in a total volume of 100 µL. Buffers used were potassium acetate (pH
5.0 and 5.5), potassium MES (pH 6.0 and 6.5), potassium MOPS (pH 7.0), or Tris-HCl
(pH7.5). The reaction mixture was heated at 90°C for 2 min, cooled to room temperature
for 10 min, and equilibrated at 37°C for 2 min before removing a 5 µL aliquot to serve as
the zero time point. The ribozyme reaction was initiated by adding sufficient
concentrated MgCl2 solutions, buffered with 50 mM of one of the buffers described
above, to bring the reaction to the desired final MgCl2 concentration. At appropriate time
points, a 5 µL sample was removed and quenched with a 5 µL~25 µL volume of
quenching buffer containing 5-200 mM EDTA and 57%-90% formamide. Volumes were
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chosen such that final concentration of EDTA was 2 to 10 times in excess over the free
Mg2+ concentration, ensuring that the reaction was terminated by the addition of the
quenching buffer. Samples were immediately placed on ice and stored at -20oC before
they were analyzed on a 10% acrylamide, 7 M urea denaturing gel. Identical results
were obtained when samples were placed on dry ice and stored at -80oC. The
fluorescent signal from the DY547 fluorophore was detected by Typhoon 8600 variable
mode imager (Molecular Dynamics) and quantified by ImageQuant 5.1 (Molecular
Dynamics). Plots of fraction cleaved as a function of time were analyzed using
KaleidaGraph 4.1 (Synergy Software).
The DY547 fluorophore is bulky and carries a positive charge. As a result, the
labeled 3 nucleotide product migrates more slowly in the polyacrylamide gel than the full
length substrate. To verify that the product was the expected length and contained a
2’,3’-cyclic phosphate, the product was treated with T4 polynucleotide kinase and calf
intestinal phosphatase and found to co-migrate an authentic DY547-UAU RNA standard
(Figure 2.2).
Reactions were fit either to a single (equation 1) or double (equation 2)
exponential reaction as appropriate from the observed data. When reactions were fit to a
double exponential equation, the rate constant of the predominant, fast-reacting phase
was used to calculate kinetic and thermodynamic parameters described below.

(

Ft = F0 + (F∞ − F0 ) 1− e
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constant; for a double exponential process (eq 2), f1( F∞ - F0 ) is the fraction cleaved in an
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Rate-pH profile of the G25A•U20C double mutant in the absence of Mg2+

To characterize the pH dependence of ribozyme reaction under Mg2+-free conditions, the
cis-cleaving one piece -30/99 HDV ribozyme was transcribed as described above for the
trans-cleaving ribozyme. This RNA is based on the sequence of the genomic HDV
ribozyme and incorporates the G11C mutation that enhances the folding properties of
the RNA. It has a 5’-end that is 30 nucleotides upstream of the cleavage site and a 3’-
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end that is 99 nucleotides downstream of the cleavage site. This is referred to as the
wild-type ribozyme for the purpose of this study. The A25•C20 mutation was introduced
into this construct to generate an G25A•U20C double mutant self-cleaving RNA. This
was necessary because the two piece HDV ribozyme does not react in the conditions
needed to monitor the reaction in the absence of Mg2+ ion.
The 5’-end of the RNA was radiolabeled using polynucleotide kinase and γ-32PATP and gel-purifed as described for the two-piece ribozyme. To perform the cleavage
assays, ~2 nM of labeled HDV ribozyme was renatured at 55°C for 10 min in TE buffer
(0.5 mM Tris-HCl pH7.5 and 0.05 mM EDTA pH8.0) and allowed to cool down at room
temperature for 10 min. The folded RNA was then pre-incubated at 37°C for 2 min with
saturating 10 µM DNA oligomer (AS1) that was complementary to the single-stranded
RNA upstream of the cleavage site (nucleotides -30 through -3) in 50 mM (final
concentration) of one of the following buffers: potassium acetate (pH5.0 and 5.5),
potassium MES (pH6.0 and pH6.5) or Tris-HCl (pH7.0-pH8.5). AS1 DNA oligomer
sequesters the inhibitory strand upstream of the cleavage site and helps to prevent
misfolding (98). All the buffers were supplemented with 100 mM EDTA (final
concentration) prior to adjusting the pH to the final values. No attempt was made to
correct the meter reading for effects on ionic strength. This may lead to an
underestimate of pKa values by ~ 0.5 units, but does not affect comparative values (91).
A zero time point was removed followed by adding pre-warmed 1M NaCl to initiate the
reaction. The time course experiment was incubated at 37°C for up to ~200h. Samples
at appropriate time points were removed, quenched and analyzed on a 6% denaturing
PAGE. Quantitation was performed by a PhosphorImager (Molecular Dynamics).
Reaction progress was analyzed by KaleidaGraph 4.1 (Synergy Software). Data fitting
was described in Materials and methods, with an exception of the G25A•U20C double
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mutant reacting at pH8.0, where 𝑓 = 𝑘!"# 𝑡 was used to determine the 𝑘!"# value (~60%
of completion was reached at 144h, only the initial ~30% was used for data fitting).

2.3.4

Molecular dynamics

We computed Molecular Dynamics (MD) trajectories starting with coordinates based on
the structure of the HDV ribozyme trapped prior to cleavage (PDB ID 3NKB), as
previously described (50). The 2’-H of the deoxynucleotides at positions 1 and 2 were
replaced by 2’-OH to convert to the corresponding ribonucleotides. The G25A and U20C
mutations were performed in silico using Accelrys Discover Studio Visualizer 2.0,
followed by optimization of only the A25•C20 reverse wobble base pair, with the
remainder of the ribozyme fixed. For MD studies, C75 was protonated at the N3 position
to represent the active state for general acid catalysis, and C41 was protonated at N3 to
maintain the structural integrity of a C-protonated base triple (99-102). The partial
charges used for the protonated cytosines were derived using the RESP method (103),
as described previously (104). The ribozyme was solvated in an orthorhombic box of
rigid TIP3P waters (105) with periodic boundary conditions. The system was neutralized
with Na+ ions, and 0.15 M NaCl was added to the solvent to give a physiologically
meaningful ionic strength. The solvation procedure was carried out using the Maestro
program (Schrödinger, New York, NY). Details regarding the equilibration and simulation
protocol used for the system have been described elsewhere (104,106). Molecular
dynamics simulations were performed with the Desmond MD program (D.E. Shaw
Research, New York, NY) using the AMBER99 force field (107). At least two
independent 25 ns trajectories were propagated at 298 K in the canonical ensemble (i.e.,
at constant NVT) for each case studied.

29
2.3.5

Electrostatics calculations

Electrostatic potential calculations were performed using the Adaptive PoissonBoltzmann Solver (APBS) (108), which uses the Finite Element ToolKit (108-110) to
solve the non-linear Poisson-Boltzmann (NLPB) equations numerically. Structural
coordinates were obtained from the starting structure of the ribozyme used for the MD
simulations. All water molecules and crystallographic metal ions, except the metal ion at
the catalytic site when specified, were omitted from the NLPB calculations, and C75 was
left unprotonated; these settings allow the extent of the negative potential to be sensed
and are customary for such calculations (90,111-113). In addition, C41, which is distal
from the active site, was protonated as in the MD studies in order to maintain the
aforementioned base triple (102). Charges on C75 and C41 are identical to those used
in our earlier electrostatics calculations (104). The atomic radii and partial charges were
defined using the AMBER99 parameter set, except for protonated C41, for which the
partial charges were derived using RESP calculations as described previously (102).
The following parameters of the electrostatics calculations were chosen to be
consistent with similar previous calculations (112,114,115). The interior dielectric
constant of the ribozyme was set to 2, a value previously shown to be physically
meaningful (116), and the solvent dielectric constant was set to 80. All calculations were
performed on a grid centered on the crystal coordinates of the catalytic metal ion with a
grid spacing of 0.35 Å. The dimensions of the ribozyme, centered on the position of the
catalytic metal ion, were calculated in the X, Y, and Z directions, and the final grid
dimensions were chosen after leaving 20 Å distance between the ribozyme boundary
and the grid boundary. A 2.0 Å exclusion radius was added to the ribozyme surface to
incorporate hydrated sodium ions. The calculations were performed in the absence of
any salt in the bulk solvent, as well as in the presence of different concentrations of
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mixed 1:1 and 2:1 salts, i.e. mixture of NaCl and MgCl2, as described elsewhere (112).
The radius of the catalytic Mg2+ or Na+ ion was set to 1.45 Å or 1.68 Å, respectively,
values that were shown previously to reproduce their corresponding experimental
hydration free energies (117,118). The trends in the relative electrostatic binding free
energies were maintained over a range of physically reasonable radii.
To estimate the binding energy of the metal ion at the reverse wobble, we
adopted the methodology of Misra and Draper (118). We considered the case of the WT
and the G25A•U20C double mutant structures, with a single metal ion, either Mg2+ or
Na+, located at the crystallographic position of the Mg2+ at the reverse wobble. The metal
ion binding free energy is calculated from the difference between the total electrostatic
free energy of the metal ion-bound ribozyme in solution and the sum of the total
electrostatic free energies of the isolated ribozyme and the isolated metal ion in solution.
el
ΔGbind
= ΔG el HDV+ion − ΔG el HDV + ΔG el ion 

(

The difference between

)

(

)

( )

(7)

el
ΔGbind
of the WT and G25A•U20C double mutant structures, as

indicated in equation 8, provides an indication of the relative favorability of metal ion
binding at the reverse G•U wobble in comparison to the reverse A•C wobble:

el
el
el
ΔΔGbind
= ΔGbind
WT − ΔGbind
DM

( )

( )

(8)

Note that the site-specific binding free energy of a metal ion binding to a particular
construct includes additional contributions to those given in equation 7, as discussed by
Draper, but these contributions, as well as ΔGel(ion), will cancel for the calculation of
el
ΔΔGbind
in equation 8.
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We emphasize that these electrostatics calculations provide only qualitative information
and are based on several approximations. For example, no conformational sampling of
the ribozyme is included, no explicit water molecules are included (i.e., the ligation of
water molecules to the Mg2+ is neglected), and for calculations involving Na+, the Na+ ion
in the WT and G25A•U20C double mutant is assumed to be located at the same position
as the Mg2+. Moreover, we found that the quantitative results depend on the dielectric
constant and the ionic radii, although the trends in

el
ΔΔGbind
between WT and the

G25A•U20C double mutant are reproducible within the physically reasonable regimes for
these parameters. The electrostatic potentials were rendered using PYMOL (97). The
dxmath tool within APBS was used to obtain the difference between two electrostatic
potential maps.
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Figure 2.2. Identification of the HDV ribozyme cleavage product.
The WT HDV ribozyme was mixed with a fluorophore-labeled 11-nt substrate DY547UAU*GGCUUGCA and 0.5 mM MgCl2 in MOPS pH 7.0. Ribozyme cleavage resulted in
a product with reduced mobility as predicted for the reaction product, DY547-UAU with a
2’, 3’-cyclic phosphate terminus, as the fluorophore is bulky and carries a positive charge.
To verify the nature of this product, it was treated with T4 polynucleotide kinase and calf
intestinal phosphatase to remove the 2’,3’-cyclic phosphate (119) and generate DY547UAU with free 2’- and 3’-hydroxyl groups. This product co-migrates with an authentic
DY547-UAU standard (see last two right-hand lanes).
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2.4

Results

Here, we examine the impact of substituting the G25U20 reverse wobble by mutating
G25 to an adenine and U20 to a cytosine. This double mutant has the potential to allow
formation of an A25•C20 reverse wobble base pair that is isosteric with a G•U reverse
wobble (Figure 2.1B,C). Previous studies have tested the impact of single mutations of
this G25U20 base pair on ribozyme activity. At pH 8.0 and saturating Mg2+
concentration, ~3000- and ~1600-fold reaction rate reductions were measured for the
G25A single mutation of a genomic HDV ribozyme and the U23C single mutation of an
antigenomic version (equivalent of U20 in the genomic ribozyme), respectively (120,121).
These data suggest that the G25U20 pair is essential for the ribozyme activity and that
a reverse wobble conformation, rather than a Watson-Crick base pair, is required at this
position. A double mutation would allow an isosteric reverse wobble to be adopted by an
A25•C20 base pair (122). While this base pair is similar in shape to a G•U reverse
wobble pair, the presence of the N6 amino of adenosine in the minor groove is expected
to alter the electrostatic properties of the binding site for the active site Mg2+. The
G25A•U20C double mutant of the HDV ribozyme thus has the potential to specifically
disrupt binding of the Mg2+ ion without perturbing the overall architecture of the ribozyme.
We therefore characterized the G25A•U20C double mutant using solution biochemical
and computational methods, in an effort to assess the role of the 2520 base pair in
binding the active site Mg2+ ion and to characterize the role of this ion in the chemical
reaction.

2.4.1

The G25AU20C double mutant of the HDV ribozyme retains an active structure

While an A•C base pair in the reverse wobble geometry is isosteric with a G•U reverse
wobble base pair, the possibility exists that in the context of the HDV ribozyme an
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A25•C20 reverse wobble may not form stably. This would lead to structural changes at
the active site. We therefore computed MD trajectories of the G25AU20C double
mutant. In these trajectories, Mg2+ ions present in the 3NKB crystal structure
coordinates, including the ion at the reverse wobble, were retained. In our simulations,
we found that the A25C20 reverse wobble is stable over two independent 25 ns
trajectories, with average A25(N1)-C20(N4) and A25(N6)-C20(N3) distances of 3.05 ±
0.19 Å and 2.90 ± 0.09 Å, respectively, consistent with hydrogen bonds (Table 2.1).
There were no noticeable conformational changes observed in the active site, including
the general acid, C75, and the cleavage site dinucleotides G1 and U-1 (data not shown).
In both of these trajectories, the active site Mg2+ ion remained bound to the
A25C20 reverse wobble, and the interaction of the metal ion with the AC motif was
found to be similar to its interaction with the reverse GU wobble. As these simulations
were much shorter than the timescale of the reaction, they may not address whether
Mg2+ can stably bind to the G25A•U20C double mutant variant ribozyme. Limitations in
both the molecular mechanical force field and the conformational sampling may prevent
observation of any diffusion of the Mg2+ from this site. As the G25A•U20C double mutant
has the potential to disrupt binding of the active site Mg2+, we chose to next explore the
stability of the A25C20 reverse wobble in the absence of this Mg2+ ion.
We ran three independent trajectories of the G25A•U20C double mutant
ribozyme in the absence of Mg2+ at the active site (Figure 2.3). In two out of the three
trajectories, we found that a Na+ ion moves from bulk solution to the active site and that
the A25C20 reverse wobble as well as the active site are stable (Table 2.1). In the
third trajectory, no Na+ ion moved into the region to bind to the reverse wobble, and one
hydrogen bond in the A25C20 reverse wobble was lost at ~2.5 ns. This observation
probably resulted from starting the trajectory without any ion in this region, leading to
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breaking of the hydrogen bond before the Na+ was able to move into the region to
stabilize the reverse wobble. This situation is not likely relevant to the ribozyme in
solution. Thus, we did not further analyze this trajectory. As shown in Table 2.1, for the
first two trajectories, the two hydrogen bonds in the A25C20 reverse wobble have
similar distances as they did in the presence of bound Mg2+.
Overall, these results suggest that the structure of the G25A•U20C double
mutant of the HDV ribozyme is stable in the presence or absence of a Mg2+ ion in the
active site. However, monovalent ions may be required to stabilize the geometry of the
A25•C20 wobble in the absence of Mg2+ ions.
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Table 2.1. Statistics from MD simulation of the G25A•U20C double mutant of the HDV
ribozymea.
Trajectory

2+

A25(N1)-

A25(N6)-

A25(N6)-

A25(N7)-

C20(O2)-

present

C20(N4)

C20(N3)

metal ion

metal ion

metal ion

initially

(Å)

(Å)

(Å)

(Å)

(Å)

1

Yes

3.10 (0.19)

2.91 (0.09)

4.32 (0.23)

4.76 (0.17)

4.26 (0.22)

2

Yes

3.00 (0.12)

2.90 (0.09)

4.25 (0.17)

4.90 (0.20)

4.00 (0.16)

1

No

3.03 (0.15)

2.97 (0.16)

3.41 (0.35)

5.20 (0.29)

2.53 (0.53)

No

3.05 (0.15)

2.97 (0.12)

4.23 (0.32)

4.95 (0.26)

4.14 (0.66)

2

b

Mg

ion

a

Values are distances with standard deviations shown in parentheses.

b

In this trajectory, a sodium ion did not move into the catalytic site until the first 1.5 ns.

The data shown here was collected after the sodium ion movied in, over the next 23.5 ns.
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Figure 2.3. Stability of the A25•C20 reverse wobble along a MD trajectory.
In this particular simulation, the active site Mg2+ ion was removed, and two Na+ ions
were placed in the bulk solvent. The C20(N4)-A25(N1) and C20(N3)-A25(N6) distances
are plotted along the trajectory in red and green respectively. The inset figure shows
snapshots of the A•C reverse wobble at various time steps along the trajectory: red, 0ns
(also ball and stick representation); cyan, 5ns; gray, 10ns; orange, 15ns; yellow, 20ns;
green, 25ns. Very little motion of the A•C reverse wobble occurs.
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2.4.2

The A25C20 variant of the HDV ribozyme is catalytically active.

Our computational studies suggested that the G25AU20C double mutant of the HDV
ribozyme would fold correctly. Therefore, we introduced a G25AU20C double mutation
into the HDV ribozyme. The sequence of the WT ribozyme and the G25A•U20C double
mutant were derived from the ribozyme whose structure we had recently solved (50).
This is a two-piece RNA containing a large RNA strand that spans most of the active site
and is formally a ribozyme. A small substrate RNA was annealed to this ribozyme to
reconstitute the three-dimensional structure prior to initiating the reaction with Mg2+. For
this study, a fluorophore, DY547, was linked to the 5’-end of the substrate. Upon
incubation with ribozyme, this substrate is cleaved to generate the expected products
(Figure 2.2). We would predict that this modification would not affect catalysis because
the crystal structure of this RNA reveals a sharp turn at the scissile phosphate that
places the nucleotides upstream of U(-1) out of the active site and into bulk solution (50).
In support of this, we find that the single-turnover kinetic parameters kmax, K D,Mg 2+ and

n Hill obtained in this study are similar to those obtained with a radiolabelled substrate
lacking the fluorophore (Table 2.2) (123).

€

€

Next, we conducted single-turnover studies on the AC variant. These studies
demonstrated that, at pH 7 and lower, the observed rate constant kobs of the AC variant
is at most ~100-fold lower than WT (Figures 2.4 and 2.5). Thus, the G25AU20C
double mutation partially rescued the activity. In these reactions, the G25AU20C variant
cleaved its substrate monophasically to at least 80% of completion (Figure 2.4A,
triangles). This extent of reaction is similar to what is observed with the WT ribozyme
(Figure 2.4A, squares) and suggests that the majority of the AC variant is in an active
conformation. Recently, Perrault and co-workers demonstrated a similar finding on the
antigenomic ribozyme (124).
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2.4.3

The G25AU20C mutation does not affect the apparent Mg2+ ion-binding
properties

,

2+

To further examine the folding properties of the G25AU20C double mutant, Mg2+
titrations were conducted on both the WT and G25AU20C double mutant ribozyme
reactions. At every Mg2+ concentration tested, the reaction rate of the G25A•U20C
double mutant decreased by 80-120 fold relative to WT (Figure 2.4). As a result, the
apparent K D,Mg 2+ value is the same, within error, for both the G25AU20C double mutant
and the WT ribozymes. We observed apparent K D,Mg 2+ values of 1.4 ± 0.1 mM and 1.3 ±
,

2+

€
0.1 mM for the G25AU20C double mutant and the WT ribozymes, respectively (Table
2.2). In addition, the Hill coefficient, n€
Hill , does not change as a result of the mutation
(1.8 ± 0.2 for the WT versus 2.0 ± 0.2 for the mutant) (Table 2.2). This similarity
suggests that the same concentration
of Mg2+ ion is needed to attain a folded
€
conformation and that the decreased activity of the G25A•U20C double mutant is most
likely not caused by misfolding.

2.4.4

The G25AU20C double mutant in the presence of Mg2+ has the same pH-rate
profile as the WT Ribozyme in the absence of Mg2+

To assess the impact of the G25AU20C double mutant on active site folding and
catalysis, we characterized the pH-rate profile of this variant. We first determined the pHrate profile for this WT ribozyme in 5 mM Mg2+, and we obtained the expected profile
with a log-linear increase in rate between pH 5.0 and 6.0 and a pKa of 6.1 ± 0.1 (Figure
2.5, squares). This is in good agreement with the pKa previously determined using a
radiolabelled oligonucleotide of 6.4 under similar conditions (123).
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The pH-rate profile of the G25AU20C double mutant was studied in 50 mM Mg2+,
well above the apparent K D,Mg 2+ for this ribozyme (Figure 2.4B). We found that the
reaction is nearly independent of pH in the range of pH 5.5-6.0 (Figure 2.5, triangles),
likely because €
the general acid, C75, remains largely protonated in this pH range.
If the active site were misfolded and a structural rearrangement were the ratelimiting step for the G25A•U20C double mutant, then the change in kobs as a function of
pH might be minimal. However, above pH 6.0, the reaction rate decreases log-linearly,
suggesting that chemistry, not folding, is rate-limiting and that the cleavage reaction rate
is dominated by deprotonation of C75 (Figure 2.5). The apparent pKa value is 6.2 ± 0.2
under these conditions, and as discussed below, likely represents the pKa of C75. We
observed that the cleavage rate drops by ~2-fold when the pH is decreased below 5.0.
Loss of activity at low pH may be due to acid denaturation and might suggest that the
G25AU20C double mutant is less stable than the WT ribozyme as both A and C start to
protonate in this pH range. (125) Such a protonation at A25, might allow the formation of
a positively-charged standard A•C wobble between A25 and C20. This conformation is
not isosteric with a reverse wobble and would be predicted to be disruptive to the
ribozyme’s active site structure. Another possibility is a slight contribution from a general
base with a pKa near 5.4 or one that is lost near this pH (see Discussion).
The pH-rate profile of the G25AU20C double mutant is inverted from that of the
WT ribozyme in Mg2+-containing buffers (Figure 2.5, compare triangles and squares,
respectively). Qualitatively, it resembles the pH-rate profile of the WT ribozyme reacting
in the absence of Mg2+(46,90). The data on the WT ribozyme were interpreted to
suggest that a Mg2+-dependent proton transfer is involved in the cleavage reaction under
biologically-relevant, Mg2+-containing conditions. In an effort to restore a WT-like pH rate
profile, we repeated this analysis in 500 mM Mg2+. However, these data are not
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significantly different than the data obtained in 50 mM Mg2+(not shown), suggesting that
the active site Mg2+ binds especially weakly or in an alternate binding pocket within the
G25AU20C double mutant.
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Table 2.2. Kinetic parameters for cleavage of WT and double-mutant ribozymes
measured in this study.
kmax (min-1)

KD,Mg2+ (mM)

nHill

pKa

WT (fluorophore)

6.2 ± 0.2 a

1.3 ± 0.1 a

1.8 ± 0.2 a

6.1 ± 0.1 b

WT (radiolabel)

7.0 ± 0.2 c

2.1 ± 0.1 c

1.6 ± 0.1 c

6.4 d

A25•C20

0.078 ± 0.002 a

1.4 ± 0.1 a

2.0 ± 0.2 a

6.2 ± 0.2 b

(fluorophore)
a

Reported here. Reactions were performed at 37oC in 50 mM potassium MOPS, pH 7.0.

b

Reported here. Reactions of WT(fluorophore) and A25•C20 (fluorophore) were

performed in 5 mM Mg2+ and 50 mM Mg2+, respectively at 37 oC. Buffers used were
potassium acetate (pH 5.0 and 5.5), potassium MES (pH 6.0 and pH 6.5), potassium
MOPS (pH7.0) or Tris-HCl (pH 7.5). All were 50 mM in concentration.
c

Values from (123) in 25 mM Tris-HCl, pH 7.0 at 37oC.

d

Values from (46) in 5 mM Mg2+. Buffers were 25 mM MES (pH 4.5-6.5) or 25 mM

Hepes (pH 6.75-9.0).
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Figure 2.4. Magnesium dependence of the HDV ribozyme reaction.
A. Comparison of the WT and A25•C20 double mutant ribozymes. Cleavage of a
fluorescently labeled RNA substrate by WT (squares) and A25•C20 double mutant
ribozymes (triangles). Cleavage reactions contain 0.5 mM Mg2+, 50 mM MOPS (pH 7.0).
The inset shows fraction cleaved at early time points. B. The cleavage rate constants as
a function of Mg2+ concentration. Rate constants for WT (squares) and A25•C20 double
mutant ribozymes (triangles) are plotted as a function of Mg2+ ion concentration. All
reactions contain 50 mM MOPS (pH 7.0). Although the maximal velocity is higher for the
WT ribozyme than the A25•C20 double mutant ribozyme, the apparent K D,Mg 2+ and
are the same for the two ribozymes within error (Table 2.2).

€

€

n Hill
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Figure 2.5. The pH-rate profiles of A25•C20 double mutant ribozyme as compared to
that of the WT.
The reactions were performed in 5 mM Mg2+ for the WT (squares) and 50 mM Mg2+ for
the A25•C20 double mutant (triangles). The curves were fit by using equation (4) for the
WT and equation (5) for the A25•C20 double mutant ribozyme. The apparent pKas are
indicated with an arrow and summarized in Table 1. Note that the pKa of 5.4 ± 0.3 might
be originated from acid denaturation or it could be due to contribution of a catalytic metal
ion only at low pH (See Discussion).
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2.4.5

The G25AU20C double mutant in the absence of Mg2+ has the same pH-Rate
profile as the WT ribozyme in the absence of Mg2+

As the G25A•U20C double mutant rate-pH profile appeared to resemble the rate-pH
profile of the WT HDV ribozyme in the absence of Mg2+, we wanted to compare the
reaction of both ribozymes in the absence of Mg2+. Unfortunately, the two-piece HDV
ribozyme used here does not react in the absence of Mg2+, possibly because substrate
does not stably anneal to the ribozyme in the high concentration of NaCl used in these
reactions. We therefore introduced the G25A•U20C double mutant into a cis-acting, selfcleaving version of the HDV ribozyme characterized previously (98). This allowed a sideby-side comparison of the WT ribozyme and G25A•U20C double mutant in the absence
of Mg2+ ion.
We first studied the pH dependence of the G25A•U20C double mutant reaction in
the absence of divalent metal ions (See Materials and methods). These reactions were
performed at 1M NaCl and 100 mM EDTA (final concentration) was included in the
reaction buffer to chelate any trace amount of contaminating polyvalent metal ions,
especially at low pH (see Materials and methods). We observed the G25A•U20C double
mutant was catalytically active under all the pH conditions tested. At least 80% of
completion was achieved in all but the reaction at pH8.0 (Figure 2.6). The reaction
progress can be fit to equation (1). This suggests that the Mg2+ ion is nonessential to the
G25A•U20C double mutant catalysis when high concentration of monovalent salt is
present. The reaction is pH-independent between pH 6.0 and pH 6.5 and an inhibitory
effect is seen at pH below 6.0 (Figure 2.7). The rate-pH curve yields an apparent pKa of
7.3 ± 0.1, which is assigned to the general acid C75.
We next compared the pH-rate profile of the WT HDV ribozyme in the absence of
divalent metal ions to that obtained for the G25A•U20C double mutant. The pH-rate
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profile is bell-shaped, which suggests the involvement of two ionizable groups (Figure
2.7). Two apparent pKa values were obtained from the pH-rate profile. The log-linear
decrease of reaction rate between pH 7.5 and pH 8.5 are attributed to the deprotonation
of general acid C75 as discussed elsewhere. Thus, the high pKa value of 7.6 ± 0.1 likely
represents the pKa of C75. Between pH 6.0 and pH 6.5, the reaction rate is largely
independent of pH, which is consistent with that a constant amount of functional form of
C75 is present over this pH range. An apparent pKa value of 5.3 ± 0.2 was also obtained,
similar to what is observed with the WT self-cleavage reaction (Figure 2.7) and the twopiece G25A•U20C double mutant HDV ribozyme (Figure 2.5). In general the rates and
shape of the curve agree well with those previously reported (90).
Comparing the two rate-pH profiles (Figure 2.7), we observed that the
G25A•U20C double mutant reaction shows a similar pH-dependence as the WT
ribozyme. A log-linear decrease at high pH range is almost parallel to that observed in
the WT ribozyme. The reaction rate of G25A•U20C double mutant is only ~5-fold slower
than the WT under the same reaction condition, which corresponds to a ΔG°37 of just 1
kcal/mol. This indicates that the G25A•U20C double mutant might is only slightly less
active than the WT. The ~5-fold rate difference observed here, in Mg2+-containing
buffers, is also observed when Mg2+-mediated base catalysis is minimal at pH 5.0
suggesting that folding of the G25A•U20C double mutant ribozyme is largely intact both
in the presence and absence of Mg2+ (Figure 2.5).
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A

B

Figure 2.6. The self-cleavage reaction of the G25A•U20C double mutant.
A. The denaturing PAGE shows a cleavage reaction of the G25A•U20C double mutant
in 1M NaCl and 100mM EDTA at pH7.0. The -30/99 substrate ribozyme and the -30/-1
cleavage product are indicated as S and P, respectively. A wild type ribozyme (WT)
cleaved at 24h under the same condition is shown for comparison. B. Panel A was
quantitated and fraction of cleavage was plotted against time to yield the graph of
reaction progress. The G25A•U20C double mutant cleaves to more than 80% of
completion at 120h in a monophasic fashion. The data were fit to equation (1).
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Figure 2.7. The pH-rate profiles for the self-cleavage reactions of the G25A•U20C
double mutant and WT in the absence of Mg2+ ion.
The reactions were performed in 1M NaCl and 100 mM EDTA for the WT (squares) and
the G25A•U20C double mutant (triangles). The data were fit to equation (5) to account
for the two ionizable groups (See Discussion), which yielded an apparent pKa’s of 5.3 ±
0.2 and 7.6 ± 0.1 for the WT and an apparent pKa’s of 5.3 ± 0.1 and 7.3 ± 0.1 for the the
G25A•U20C double mutant as shown.

49
2.4.6

Electrostatics of the active site are affected by the G25AU20C double mutant

Because the solution biochemical studies strongly suggested that the G25AU20C
double mutant was not able to bind the active site Mg2+, we sought to characterize the
electrostatics of the active site. MD simulations can be a useful tool for understanding
important motions in biological systems; however, there are known limitations associated
with MD for investigating interactions between divalent metal ions and macromolecules.
These limitations include inadequate description of divalent ions by molecular
mechanical force fields and issues related to trapping in local minima due to insufficient
sampling during simulations (126,127). We therefore performed NLPB electrostatics
calculations on the WT and G25AU20C double mutant structures to obtain qualitative
insight into the metal ion binding at the reverse GU and AC reverse wobbles,
respectively. For both ribozymes, an intense negative surface is found in the vicinity of
the reverse wobble (Figure 2.8), similar to that reported previously (104). To directly
compare the results from the WT and the G25AU20C double mutant ribozymes, we
calculated a surface electrostatic difference plot (GU minus AC electrostatic surface).
This plot clearly reveals a negative patch in the vicinity of the reverse wobble (Figure
2.8C), indicating that the metal ion binding pocket near the reverse AC wobble is less
negatively charged and suggesting weaker binding of the metal ion at the reverse AC
wobble. These observations are consistent with the changes in the rate-pH profile we
observed in the G25A•U20C double mutant ribozyme.
We also estimated the relative binding free energy for the metal ion to the
catalytic sites of the WT and variant ribozymes using Eqs. (7) and (8). These
calculations were performed for either a Mg2+ or a Na+ ion binding to the catalytic site.
Negative values for

el
ΔΔGbind

were found, indicating that metal ion binding at this site is
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more thermodynamically favorable for the WT than for the G25A•U20C double mutant
ribozyme, as expected from the NLPB electrostatic surface potentials in Figure 2.8. In
particular, for a Mg2+ ion and a dielectric constant of 2, the binding is predicted to be ~12
kcal/mol more favored at the WT GU reverse wobble than at the A•C reverse wobble of
the double mutant. Likewise, binding Na+ ion in the active site of the WT ribozyme is ~5
kcal/mol more favored than in the active site of the double mutant. It is important to note,
however, that these values are only qualitative and are not quantitatively accurate (e.g.,
the magnitude of these differences decreases with the choice of a higher dielectric
constant). The lower magnitude of

el
ΔΔGbind

for Na+ suggests that the metal binding

pocket at the GU reverse wobble is more selective toward Mg2+ ions, consistent with
the above experiments. The results were similar for calculations in the presence of
varying concentrations of diffuse 1:1 and 2:1 salts (data not shown).
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Figure 2.8. Surface electrostatic potential of the precleaved HDV ribozyme.
A. The WT structure, and B. the G25A•U20C double mutant, labeled DM. C. A
difference map showing changes in the electrostatic potential between the WT and
G25A•U20C double mutant ribozymes mapped onto the WT structure. The scale for
panels A and B is -100 to +100 kT/e, and for panel C is -5 to +5 kT/e. The pocket near
the G•U reverse wobble in the WT structure is more negative than the pocket near the
A•C reverse wobble in the G25A•U20C double mutant structure. Panels were rendered
using Pymol (32).
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2.5

Discussion

The HDV ribozyme uses a rare reverse G•U wobble pair to help position an active site
Mg2+ ion. Hydrated Mg2+ ions have long been known to interact with the negative dipoles
of canonical G•U base pairs (128,129). However, these interactions are typically in the
major groove, which in the case of A-form RNA is deep and inaccessible; such Mg2+ ions
are thus unlikely to be catalytic. In contrast, the active site Mg2+ ion of the HDV ribozyme
is in the minor groove and is therefore in excellent position to participate in the cleavage
reaction. This can occur because the G25•U20 reverse wobble has G25 in the syn
geometry, allowing the N7 and O6 of the G to reside in the shallow and accessible minor
groove. G25 is thus able to help position the active site Mg2+ ion in such a way that it
could participate in catalysis. In this study, we assessed the catalytic potential of this ion
using functional assays.

2.5.1

The G25A•U20C double mutant does not disrupt the structure of the HDV
ribozyme.

The G25•U20 reverse wobble pair of the HDV ribozyme contributes significantly to the
stability of the active site Mg2+ ion by providing outer sphere ligands and by enhancing
the magnitude of the negatively charge in the metal ion binding pocket (50,104). An A•C
reverse wobble base pair is isosteric with the G•U reverse wobble, but substitutes a
carbonyl with an amino group (122). In this manner, this double mutation has the
potential to disrupt active site metal ion binding without perturbing the tertiary structure of
the RNA.
When introducing mutations into RNA molecules, it is possible to generate RNA
molecules that are misfolded into non-catalytic conformations. There are several pieces
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of evidence, however, suggesting that the G25A•U20C double mutant is not misfolded.
First, under single turnover conditions, the mutant ribozyme reacts with monophasic
kinetics and to ~80% completion, similar to the WT ribozyme (Figure 2.4). Such
behavior is expected of a single population of ribozymes reacting in a similar manner.
Second, characterization of the pH-rate profile for the G25A•U20C double mutant
suggests that chemistry, not folding, is rate limiting. If a conformational change were the
rate-limiting step, we would expect to see a profile that was largely independent of pH.
Instead, we observe a profile in which the rate constant decreases in a log-linear fashion
above pH ~6.0 (Figure 2.5). Third, the Mg2+-rate profile of the G25A•U20C double
mutant is strikingly similar to that of the WT ribozyme, both with respect to the apparent

K D,Mg 2+ and the Hill coefficient, n Hill (Figure 2.4B). This suggests that the tertiary
structure forms similarly, that the metal ions contributing to the three-dimensional

€

€
structure bind with similarly
affinity, and that the thermodynamics of RNA folding are
largely unaffected by this mutation
The lack of structural disruption in the double mutant is also supported by the
calculations. In molecular dynamics simulations of the G25A•U20C double mutant, the
A25•C20 reverse wobble remains largely intact, even in the absence of Mg2+. In addition,
the key active site nucleotides, including the general acid C75 and the cleavage site G1
and U(-1), are largely unperturbed. This is consistent with the biochemical analyses,
strongly suggesting that the structure of the HDV ribozyme is not significantly changed in
the G25A•U20C double mutant.
Lastly we note that upon lowering the pH to 5, the difference in rate constants
between the WT ribozyme and the G25A•U20C double mutant ribozyme is lessened. In
fact, when the plateau region of the rate-pH profile of the AC variant is extrapolated to
pH 4.5, where the Mg2+-dependent deprotonation in the WT ribozyme hardly contributes,
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similar rate constants are obtained for the WT and G25A•U20C double mutant (Figure
2.5). This observation further supports native folding of the G25A•U20C double mutant.

2.5.2

The G25A•U20C double mutant disrupts binding of the active site Mg2+ ion.

The pH-rate profile of the WT HDV ribozyme depends critically on the presence of Mg2+
ions. In the presence of Mg2+ ions, the rate constant increases log-linearly with pH until
about pH 6 where it plateaus (Figure 2.5, squares). When the Mg2+ ions are removed
from the reaction, the pH rate profile is inverted (Figure 2.5, triangles)(46,91): it is flat
until ~pH 6, where it decreases log-linearly with pH. This inversion is consistent with loss
of a proton transfer with a pKa greater than 10 and supports a mechanism in which C75
serves as the general acid and the base either has a pKa of 5.4, or proton transfer from
the 2’OH occurs in a non rate-determining step (Figures 2.9 and 2.10). (The general
base with a pKa of 5.4 seems unlikely as this is a low pKa for a general base, and also
because the low pH arm of the double mutant rate-pH profile could be due to acid
denaturation or contribution of a catalytic metal ion only at low pH.) As a result, transfer
of a proton from the N3 of C75 to the 5’-OH leaving group represents the only pKa
observable near neutrality in this pH range in the absence of Mg2+.
The pH-rate profile of the G25A•U20C double mutant in Mg2+ ion looks very
much like that for a ribozyme that lacks or mispositions the active site Mg2+ ion (46,91).
These reactions were performed at a Mg2+ ion concentration of 50 mM, well above the
Mg2+ ion concentration in which the G25A•U20C double mutant achieves maximal
velocity. Similar to the WT ribozyme reaction in the absence of Mg2+ ions, the reaction
rate of the G25A•U20C double mutant decreases with pH, suggesting that the Mg2+dependent proton transfer observed in the WT ribozyme is missing (Figures 2.9 and
2.10). These data suggest that in the G25A•U20C double mutant, the interaction
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between the active site Mg2+ ion and the cleavage site is lost. Addition of Mg2+ at
concentrations as high as 500 mM is not sufficient to restore the pH-rate profile to that
seen in the WT ribozyme (data not shown).
This model is supported by shifts in the pKa of C75 observed in this study. The
pKa of C75 is dependent on the concentration of Mg2+ ion in the reaction buffer. As the
concentration of Mg2+ is increased, the pKa of C75 drops (46,79). This anticooperativity
suggests that one or more Mg2+ ions are bound in the active site of the WT HDV
ribozyme close enough to C75 that the protonated base and the ion can interact
electrostatically. This is consistent with the crystal structure of the HDV ribozyme where
the N4 of C75 is within 3.5 Å of the hydration shell of the active site Mg2+ ion and may
therefore serve as an outer sphere ligand (50). In the WT ribozyme, we observed that
the pKa of C75 is 6.1 ± 0.1 in the presence of 5 mM Mg2+ (Figure 2.5). In the
G25A•U20C double mutant, however, this pKa is not shifted lower when the Mg2+
concentration is raised to 50 mM. In our studies, pKa values of 6.2 ± 0.2 are obtained for
C75 (Figure 2.5). In contrast, Nakano et al observed the pKa of C75 within the WT
ribozyme shifted from 6.4 to 5.8 when the Mg2+ ion concentration was raised from 5 mM
to 50 mM. (46) This suggests that in the G25A•U20C double mutant the environment
near C75 is less positively charged. Again, this is consistent with a model in which the
active site Mg2+ ion no longer occupies the binding site observed in the crystal structure.
Electrostatics calculations further suggest that the G25A•U20C double mutant
specifically disrupts active site Mg2+ ion binding. NLPB calculations reveal a significant
loss of negative charge in the active site Mg2+ ion binding pocket in the double mutant
(Figure 2.8). Furthermore, the ΔΔG between WT and the G25A•U20C double mutant for
Mg2+ binding is ~12 kcal/mol, suggesting that active site Mg2+ binding is more
thermodynamically favorable to the WT than to the G25A•U20C double mutant. Note
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that the quantitative value for ΔΔG depends on certain choices of parameters, such as
dielectric constant, but the sign of this quantity is reproducible.
These results all point to a scenario where the active site Mg2+ ion in the
G25A•U20C double mutant is displaced or altered such that it can no longer interact with
the 2’-hydroxyl of U(-1) and C75 (Figures 2.9 and 2.10). Overall, these data indicate
that the active site Mg2+ ion observed in the crystal structure of the WT HDV ribozyme is
indeed positioned at the reverse G•U wobble and appears to participate directly in
catalysis.
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A

B

Figure 2.9. Sum of rate-pH profiles to generate observed pH-rate profiles.
Simulations are according to Bevilacqua (130). A. Origin of rate-pH profile in the
presence of catalytic Mg2+. The functional form of the base—either magnesium
hydroxide as a Brønsted (general) base or magnesium as a Lewis acid and OH- as a
specific base (see Figure 2.10A and B for these and related, dual mechanisms)—is
depicted in blue, and the functional form of the acid, presumably C75+, is depicted in red.
Their logarithmic sum, which represents the fraction of the ribozyme in the fully
functional form, is shown in black. The shape of the black curve is similar to the rate-pH
profiles seen for WT in the presence of Mg2+ (Figure 2.5, squares). B. Origin of rate-pH
profile in the absence of catalytic Mg2+. The functional form of the base—either water or
a non-ionizing functional group on the RNA, and/or some other base possibly in a nonrate limiting step (see Figure 2.10C)—is depicted in blue, and the functional form of the
acid, presumably C75+, is depicted in red. Their logarithmic sum, which represents the
fraction of the ribozyme in the fully functional form, is black (hidden under red curve).
The shape of the black curve is similar to profiles seen for the G25A•U20C double
mutant in the presence of Mg2+, which does not participate in the reaction (Figure 2.5,
triangles). In both simulations, the pKa of the general acid is set at 6; the pKa of the
general base is set at 10 in panel A and at -1.7 (the pKa of water) in panel B.
Experiments can only be conducted up to pH~8 owing to alkaline denaturation of the
ribozyme, which comes from hydroxide competing for hydrogen bonding (131). Another
simulation could be made with a pKa of 5.4 for the general base that would produce the
slight low pH arm in Figure 2.5 (triangles); this was not done here because of the
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possibility that this effect arises from acid denaturation or contribution of a catalytic metal
ion only at low pH.
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Figure 2.10. Possible mechanisms for deprotonation of the 2’-hydroxyl.
Panels A and B depict mechanisms in the presence of Mg2+, which are for WT, while
panel C depicts a mechanism in the absence of Mg2+, which is for G25A•U20C double
mutant. Steps that are a function of pH, which is important in interpreting rate-pH
profiles such as in Figure S2, are noted. A. Magnesium hydroxide serves as a Brønsted
(general) base (blue), with a possible dual role as a Lewis acid at the 2’O (red). B.
Magnesium serves as a Lewis acid (red), with a possible dual role as a general base
through a Mg2+-bound hydroxide (blue), otherwise some other species needs to act as
the base in a pH-dependent fashion, such as hydroxide as a specific base. Alternately,
the pKa reflects the pKa of the 2’OH of U(-1) itself. C. Reaction without catalytic
magnesium. Here population of the general base is independent of pH (Figure S2B,
blue line), so either water (pKa of -1.7) or some other low pKa group (pKa should be <~4,
the lower end of the experimental pH range) perhaps on the RNA (not shown) acts as
the base, and/or proton transfer from the 2’OH occurs in a non rate-determining step.
Na+ bound nearby could have a general electrostatic effect (see text). See Emilsson et al.
for related mechanisms (132). A reason hydroxide could deprotonate the 2’OH in panel
B but not C is that the Mg2+ could lower the pKa of the 2’OH in panel B.
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2.5.3

Mg2+ binding isotherm does not reflect binding of an active site Mg2+ ion

The dependence of attainment of maximal ribozyme activity on Mg2+ ion concentration is
the same in both the WT and G25A•U20C double mutant ribozymes. Although the
G25A•U20C double mutant never matches the velocity of the WT ribozyme, the
apparent K D,Mg 2+ + and Hill coefficient are, within error, the same (Table 2.2). As the
G25A•U20C double mutant appears to disrupt active site Mg2+ binding as discussed
above, these data suggest that structural Mg2+ ion binding, not active site Mg2+ binding,
€
dominate the apparent K D,Mg 2+ and observed Hill coefficients. The catalytic Mg2+ ion
must therefore have higher affinity than the structure-stabilizing Mg2+ ions. Consistent
with this interpretation,
high affinity Mg2+ ion binding sites in RNAs are predicted to have
€
dissociation constants in the 1-25 µM range (depending on ionic strength) (49,116).

2.5.4

What is activating the nucleophile?

If the G25A•U20C double mutant ribozyme lacks an active site Mg2+ ion, are there
mechanisms by which this ribozyme could activate the 2’-OH nucleophile? There are
several possibilities. First, there is a Na+ ion-binding pocket in the ribozyme active site
that is observed when crystals of the HDV ribozyme are soaked in buffers containing
Na+ ion (104). While this Na+ binding site partially overlaps the active site Mg2+ ion, its
binding is distinct from that of the active site Mg2+ ion. The Na+ ion interacts through its
water ligands with nucleotides G27 and A77 of the ribozyme. This ion could facilitate the
cleavage reaction through electrostatic effects, stabilizing the developing negative
charge on the nucleophile and the scissile phosphate, but it is not in position to interact
directly with the 2’-OH nucleophile or the scissile phosphate.
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In both the WT ribozyme and the G25A•U20C double mutant, the acceptor of the
proton from the 2’-OH of U(-1) in the cleavage reaction, is unknown. There are several
possibilities. The 2’-OH of U(-1) is hydrogen bonded to the 2’-hydroxyl of G27, and this
hydrogen bond is likely to be retained in the G25A•U20C double mutant as the active
site structure appears to remain intact. Alternatively, the proton acceptor could be a
water or hydroxide from the surrounding solvent, which may not be detected in the
double mutant if it occurs in a step that is not rate-determining. In the case of the WT
ribozyme, one of the water ligands from the catalytic Mg2+ ion could serve this role. Thus,
the active site Mg2+ ion could play two roles in the WT, interacting with the nucleophile
as a Lewis acid, coordinating a hydroxide molecule to serve as a Brønsted base, or both
(Figure 2.10).
This study represents the first set of data to functionally link the active site Mg2+
ion observed in the HDV ribozyme active site to a catalytic role in the cleavage reaction.
Key questions still remain, however. The identity of the high pKa that affects the rate-pH
profile in the WT ribozyme, but not in the G25A•U20C double mutant is still unknown. It
could arise from ionization of a water bound to the active site Mg2+ that is deprotonated
to serve as a general base (Figure 2.10A), from hydroxide in solution, or from the pKa of
the 2’-OH of U(-1) itself (Figure 2.10B). In addition, while the present data associate the
reverse G•U wobble with the catalytic metal ion, contributions of other ligands, such as
the pro-RP oxygen of the scissile phosphate, to metal ion catalysis have not yet been
evaluated.
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CHAPTER 3. TWO DIVALENT METAL IONS AND CONFORMATIONAL CHANGES
PLAY ROLES IN HAMMERHEAD RIBOZYME CLEAVAGE REACTIONS

3.1
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ribozyme. Ji Chen, Aamir Mir and David Neau collected the X-ray diffraction data. Ji
Chen solved the initial structure of the hammerhead ribozyme. Barbara L. Golden
supervised the project.
Aamir Mir contributed to Figure 3.2, 3.8, 3.9, 3.10, 3.14, Table 3.1, 3.2, and 3.4;
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All other figures, tables and text are reprinted or adapted with permission from ref (133).
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3.2

Introduction

The hammerhead ribozyme is a small self-cleaving RNA first discovered from plant
viroid RNA (28). Similar to the HDV ribozyme, which is known for processing the
concatemeric genome of the hepatitis delta virus, the hammerhead ribozyme cuts the
plant viroid RNA concatemer into unit-size during rolling circle replication of the viroid
genome (14). However, recently, hammerhead motifs were found in a wide array of
organisms from all domains of life (26,41,42). These newly-found hammerhead motifs
are mostly located in repetitive DNA elements or in introns of protein coding genes. One
notable exception is a discontinuous hammerhead motif found in the 3’-untranslated
region of the mouse C-type lectin type II gene (39). Many of these hammerhead motifs
including the mouse hammerhead were shown to be capable of performing selfcleavage reactions in vitro. Together, this suggests that the hammerhead ribozymes
may have emerged independently during evolution and may play important roles in gene
regulation outside plant viroids.
Discovered as the first small self-cleaving ribozyme, the catalytic mechanism of
hammerhead ribozyme has been extensively studied for more than two decades (134).
These studies not only shed light on hammerhead ribozyme catalysis, but also
contributed to our understanding of RNA structures and catalysis in general. In addition,
new technologies such as the ligand-responsive artificial ribozyme were first created
based on the hammerhead sequence (31). Before 2003, mechanistic studies were
focused on the minimal hammerhead sequence. The minimal hammerhead is composed
of a conserved 11-nucleotide catalytic core and three flanking short stems, namely, stem
I, stem II and stem III (Figure 3.1). However, it was later found that the non-conserved
sequences in the peripheral region of the natural hammerhead ribozyme were critical for
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ribozyme activity (135,136). Although these non-conserved sequences are not strictly
required for ribozyme catalysis, they could enhance the catalytic activity by more than
100-fold (135,137,138). This rate enhancement allows the hammerhead ribozyme to
efficiently perform the cleavage reaction under physiological Mg2+ concentrations,
providing enough catalytic power for potential biological functions in vivo.
In 2006, the crystal structure of a full-length hammerhead ribozyme from
Schistosoma mansoni (S. mansoni) was solved (59). It was found in this crystal structure
that the peripheral region of the hammerhead forms intricate tertiary contacts, where the
internal bulge from stem I interacts with the terminal loop from stem II. From a structural
point of view, the loop/bulge tertiary interaction locks the hammerhead ribozyme into a
more active conformation, where the active site is significantly more compact than that
observed in the minimal hammerhead ribozyme. Further biochemical and biophysical
analysis suggest that the loop/bulge interactions induce RNA folding at much lower Mg2+
ion concentrations as well as increase structural dynamics in order for the hammerhead
to sample the catalytically active conformation more frequently (139-141). These findings
provide an explanation why the full-length hammerhead ribozyme is much more active
than the minimal hammerhead, especially at low Mg2+ concentrations.
The catalytic core revealed in the 2006 hammerhead structure is largely consistent with
previous mutagenesis experiments, suggesting that the structure was trapped into a
conformation that is closely related to the transition state (59,142). Based on the
structure of the catalytic core, it was proposed that the hammerhead ribozyme uses
general acid-base catalytic mechanism, where N1 of G12 serves as a general base to
deprotonate the 2’-OH nucleophile of C17, while the 2’-OH of G8 serves as a general
acid to protonate the 5’-oxygen leaving group of C1.1. Although this proposed model is
consistent with the crystal structure and some but not all of the biochemical data (142),
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several key questions remain to be answered. First, for efficient general acid-base
catalysis, the general acid and base are expected to have a pKa value close to neutrality
(130,143). The pKa of a free guanosine is ~9.4, while the 2’-OH in an oligonucleotide is
estimated to be ~13 (130,132). If both G12 and 2’-OH of G8 were indeed the general
base and the general acid in hammerhead catalysis, what mechanism would be used to
perturb their pKas? Second, Several pieces of evidence indicate that the hammerhead
ribozyme uses divalent metal ions, typically Mg2+, to promote catalysis (54,138,144).
Those studies showed that the hammerhead ribozyme reacted considerably faster in the
presence of divalent metal ions, compared to the reactions in the presence of
monovalent ion alone. In addition, the reaction was influenced by the identities of the
divalent metals used, further suggesting that divalent metals may play a specific role in
addition to nonspecific charge neutralization.
A potential divalent metal ion-binding site was identified based on the cadmium
rescue studies of both the minimal hammerhead and the full-length S. mansoni ribozyme
(56). This Mg2+ ion was proposed to bridge the phosphate of the active site nucleotide
A9 and the scissile phosphate during the cleavage reaction. Therefore, the hammerhead
ribozyme may use a divalent metal ion to neutralize the negative charge that is created
by juxtaposition of two important phosphate groups in the active site. This result is also
supported by computational studies (57).
To better understand the hammerhead catalysis, we solved the crystal structure
of a SELEX-derived full-length hammerhead ribozyme RzB trapped in the pre-cleavage
state by either 2’-deoxy or 2’-amino (2’-NH2) modification at the nucleophile position.
RzB is assumed to use the same catalytic mechanism as the more extensively studied S.
mansoni ribozyme (144,145). However, the tertiary contacts in RzB are different from
those in S. mansoni ribozyme. By varying the pH of buffers used for soaking the crystals,
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we obtained structures that likely represent different ground state stages prior to
catalysis. Our structures identified two divalent metal ion-binding sites in the active site.
One site is located near the phosphate group of A9 and the N7 of G10.1 (A9/G10.1 site).
This result is consistent with previous crystal structures using different hammerhead
constructs. A subsequent mutagenesis experiment confirms the importance of this site.
The second metal ion-binding site was located in the Hoogsteen face of G12. This metal
binds to the N7 of G12 through direct coordination, which is stabilized by two indirect
interactions involving the keto oxygen of G12 as well as the phosphate group of C11.1.
This result points to a potential scenario in which a divalent metal ion binds to the
putative catalytic nucleobase (i.e. G12) to facilitate catalysis. Metal titration experiments
employing the G12A mutant ribozyme were performed to investigate the role of G12
metal in catalysis. In the presence Mg2+, the reaction rate is reduced by over four orders
of magnitude upon the G12A single mutation. However, upon substitution of Zn2+ for
Mg2+, the G12A mutant is only two orders of magnitude less active than the WT
ribozyme. This result is consistent with our structural data and suggests that the G12
metal is important for the phosphoryl transfer reaction catalyzed by the hammerhead
ribozyme.
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Figure 3.1. Secondary structure of the minimal hammerhead ribozyme.
The conserved nucleotides are shown in red, the cleavage site is indicated with an arrow.
This is a trans-acting ribozyme and the substrate strand is highlighted in bold. The
numbering system used here was described by ref (146). This figure is adapted from ref
(140).
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3.3
3.3.1

Methods and materials

RNA sample preparation

The trans-acting hammerhead ribozyme used for crystallization was designed based on
the previously reported SELEX derived RzB (145). This ribozyme is composed of a 48nucleotide “ribozyme strand” and a 20-nucleotide “inhibitor strand”. The ribozyme strand
was made by in vitro transcription (See Chapter 2 for experimental details). The
transcript was purified by 10% polyacrylamide gel containing 7 M urea. After gel
purification, the RNA sample was concentrated using an Amicon Ultra centrifugal filter
unit with 10K NMWL cutoff. To remove salts and other contaminating small molecules,
autoclaved ddH2O was added back to the concentrated RNA sample to restore the
original sample volume. The RNA sample was concentrated, diluted with ddH2O, and
then concentrated again for at least three times before storage at -20 °C. The final
concentration for the concentrated RNA sample was typically > 10 mg/mL. The 20nucleotide inhibitor strand that carries a 2’-deoxy or 2’-NH2 modification at the C17
position was ordered from GE Dharmacon. This RNA oligo was deprotected following
the manufacturer’s protocol, gel purified by 10% polyacrylamide gel containing 7 M urea.
The gel purification process was necessary to remove the degradation product. For
solution kinetic experiments, an all ribose substrate was chemically synthesized and DY547 labeled at its 5’-end.

3.3.2

Crystallization of RzB

To refold the hammerhead ribozyme, equal molar concentrations of the ribozyme strand
and the inhibitor strand carrying either 2’-deoxy or 2’-NH2 modification at the cleavage
site were mixed in a buffer containing 10 mM potassium cacodylate at pH 6.0. The
complex was heated at 90 °C for 1 min and cooled to room temperature for 10 min.
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MgCl2 was then added to the complex to achieve a final concentration of 10 mM.
Following the addition of Mg2+, the complex was heated at 50 °C for 5 min and cooled to
room temperature for 20 min prior to use. The final concentration of the refolded
complex was 5.0–5.5 mg/mL.
The ribozyme-inhibitor complex was crystallized by vapor diffusion using hanging
drops. To create the hanging drop, 1 µL or 2 µL of the refolded ribozyme complex was
mixed with 1 µL of a reservoir solution containing 30–34% MPD, 0.4–0.5 M potassium
chloride, 50 mM potassium acetate pH 5.0 (for ribozyme complex carrying the 2’-deoxy
modification) or 50 mM Tris-HCl pH 7.5 (for ribozyme complex carrying the 2’-NH2
modification), and 0.5 mM spermine. The drops were equilibrated against 1 mL of
reservoir solution in a Linbro plate (Hampton Research) at room temperature. Ribozyme
crystals started to appear in ~3 weeks and grew to the size of ~0.2 mm × 0.1 mm × 0.05
mm in the next few weeks. Prior to data collection, crystals were soaked into a solution
containing 30–34% MPD, 0.4–0.5 M potassium chloride, 50 mM potassium acetate pH
5.0 (for low pH soaking of the 2’-deoxy RzB) or 50 mM Tris-HCl pH 8.0 (for high pH
soaking of the 2’-deoxy RzB and soaking of the 2’-amino RzB), 5% isopropanol, 1 mM
spermine and 50 mM MgCl2. Concentrations of MPD and potassium chloride in the
soaking solution were consistent with those in the reservoir solution. For anomalous
diffraction experiments, MnCl2 was substituted for MgCl2 in the soaking buffer. For
soaking buffer that contains potassium acetate pH 5.0, 50 mM MnCl2 was used. For
soaking buffer that contains Tris-HCl pH 8.0, the concentration of MnCl2 was reduced
from 50 mM to 10 mM to avoid precipitation of salts. After 0.5–1 h soaking, crystals were
flash-frozen and stored in liquid nitrogen.
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3.3.3

Data collection

Diffraction data for RzB carrying the 2’-deoxy modification were collected at LS-CAT
beamlines at the Advanced Photon Source (Argonne National Laboratory, Argonne, IL).
Diffraction data for RzB carrying the 2’-NH2 modification in the presence of MgCl2 were
collected at a R-AXIS IV++ image plate area detector coupled with a Rigaku X-ray
generator (Purdue University). Diffraction data for RzB carrying the 2’-NH2 modification
in the presence of MnCl2 were collected at the NE-CAT beamline with the help of David
Neau at the Advanced Photon Source (Argonne National Laboratory, Argonne, IL). All
diffraction data were processed by HKL2000 (147) in space group C2221.

3.3.4

Structure determination and refinement

RzB ribozyme carrying the 2’-deoxy modification was crystallized and soaked in the
presence of MgCl2. This ribozyme was used for initial structure determination. The
search model used for molecular replacement was derived from the crystal structure of S.
mansoni hammerhead ribozyme (PDB code: 3ZD5). The entire stem I region, the stem II
loop, and active site residues including C3, G8, A9, G12, C17 and C1.1 were removed
from the search model. The phase was determined using Phaser in Phenix (148). The
asymmetric unit contains a single ribozyme and the best molecular replacement solution
had a TFZ score of 8.8 and an LLG of 222. The initial model was improved by the
Autobuild routine implemented in Phenix. The Autobuild run produced the Rfree and Rwork
values of 52.91% and 49.63%, respectively. Then, multiple rounds of manual building
and refinement using Coot (149) and Phenix were performed to improve the model.
Waters and Mg2+ ions were manually modeled using Coot. Variants of the initial structure
solution were refined using a constant set of test set of reflections used to calculate Rfree
in the initial structure. The refined RzB model was used as a search model for
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subsequent structural determinations of other RzB ribozymes that were crystallized
under different experimental conditions. To model the C17 nucleotide that carries a 2’NH2 modification, a 2-amine-cytidine-5-monophosphate ligand was prepared using
eLBOW in Phenix. This ligand was then added to the RNA chain using Coot and was
refined using Phenix.

3.3.5

Kinetic assays

Single turnover reactions were performed under various conditions to obtain observed
rate constants (kobs). Ribozyme (2 µM) was mixed with 50 nM fluorescently-labeled
substrate in 50 mM buffer adjusted to a desired pH. Buffers used were potassium
acetate pH 4.5 or 5.0, MES pH 5.5, 6.0 or 6.5, MOPS pH 7.0, and Tris-HCl pH 7.5, 8 or
8.5. For reactions in 1 M NaCl, 100 mM EDTA was also added to the reaction mixture.
The mixture was then heated at 90 ⁰C for 2 min, cooled to room temperature for 10 min
and equilibrated at 37 ⁰C for 2 min. Reactions were initiated using 5 µL of initiation
buffers which contained the appropriate divalent metal ion (MgCl2, MnCl2 or
Zn(O2CCH3)2) at the desired concentration and 50 mM buffer. At various time intervals, 5
µL aliquots of reaction were thoroughly mixed, on ice, with 5-20 µL of the quenching
buffer (25 mM EDTA, 0.5x TBE and 90% formamide) to ensure efficient quenching. The
progress of the reaction was analyzed by separating the cleaved and uncleaved
substrate on denaturing (7 M urea) 10% acrylamide gels, detecting the emission of DY547 on Typhoon FLA9500 variable mode imager (GE Healthcare) and quantifying bands
using ImageQuant 5.1 (GE Healthcare). A sample kinetics gel is shown in Figure 3.2.
Fraction cleaved (f) values were plotted against time (t) using KaleidaGraph (Synergy
Software) and data were fit to a single exponential equation:
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(1)

f = A + B[e(−kobst ) ]

where A is the fraction cleaved at completion, A+B is the burst fraction and kobs is the
first order rate constant. For very slow reactions, A was artificially set at 0.9.
To find apparent pKa values, kobs obtained from equation 1 were plotted as a
function of pH and the data were fit to a linear equation or equation 2 or 3 as appropriate:
kobs =

kmax
1+10 ( pKa −pH )

(2)

kobs =

kmax
[1+10 ( pKa1 − pH ) +10 ( pH − pKa2 ) +10 ( pKa1 − pKa2 ) ]

(3)

Metal titration experiments were fit to equation 4:
(4)

kmax

kobs =

(nHill )

[1+ ( K D,M 2+ / [M ])
2+

]

where kmax is the maximal rate constant , K D,M 2+ is the apparent dissociation constant of
divalent metal, and nHill is the apparent Hill coefficient for divalent metal binding to the
ribozyme.
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Figure 3.2. Sample reaction timecourse.
Reactions contained 2 µM ribozyme, 50 nM fluorescently labeled substrate, 50 mM
MES pH 6.5 and 2 mM MgCl2. The reaction was performed at 37oC and initiated by the
addition of Mg2+ ion. Cleavage products were separated by PAGE and imaged using a
Typhoon FLA 9500 imager.
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3.4
3.4.1

Results

Crystallization and global structure of RzB

The RzB ribozyme was designed as a trans-acting ribozyme and was optimized by in
vitro selection (145). The substrate strand of RzB showed little sequence dependence,
as long as the base pairs between the substrate and the ribozyme strands were
preserved. We therefore prepared several RzB variants with slightly different sequence
in the substrate strand. To prevent cleavage of the substrate during crystallization and
data collection process, the 2’-OH nucleophile on C17 was removed. These RzB
variants were screened for crystallization. Crystallization screens were performed in 0.4–
0.5 M monovalent salt conditions. The concentration of the monovalent salt was
relatively low, which would allow divalent metal ions to interact with the ribozyme.
Potassium chloride was chosen as the monovalent salt, because K+ ion is considerably
larger than Mg2+ ion (the ionic radii of K+ and Mg2+ are 1.52 Å and 0.65 Å, respectively)
(150), therefore should not interfere with binding of Mg2+ to the RNA. While the other
commonly used monovalent ion Na+ has a similar ionic radius as Mg2+ (the ionic radius
of Na+ is 0.95 Å) (150), which may compete with Mg2+ ion for binding. Indeed, a recent
crystal structure of S. mansoni hammerhead that was crystallized in 1.7 M of sodium
malonate suggests that Na+ occupies the Mg2+ binding site near the active site of the
ribozyme (151). The RzB variant that readily crystallized contains a single adenosine
overhang at both 3’-ends of the substrate and the ribozyme strands. In addition, this RzB
variant also contains a single U–A base pair insertion in stem Ia region (Figure 3.3). The
crystal structures described in this chapter have been determined at a resolution
between 2.7–3.0 Å. Statistics of data collection and refinement are shown in Table 3.1.
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Composite omit maps for the global fold as well as the active site are shown in Figure
3.4.
RzB was crystallized as a domain-swapped dimer (Figure 3.5). In order to form
the domain-swapper dimer, stem Ia from one RzB molecule is unwound, and one strand
of stem Ia interacts with the complementary strand of stem Ia from an adjacent RzB
molecule in the unit cell. A monomeric model can be generated by switching the crossed
over strands, as shown in Figure 3.5. This interaction was likely formed to promote
crystal contact and therefore represents a crystallization artifact.

Table 3.1. Crystallographic data collection and refinement statistics.
WT RzB
modifications

2'-deoxy

Data Collection

pH 5.0 Mg

PDB id

5DQK

5DI4

5DI2

unpublished

unpublished

5DH8

5DH7

5DH6

cell dimensions a, b, c
(Å)

79.76, 86.07,
103.3

80.40, 86.05,
104.21

79.52, 85.88,
103.72

80.15, 86.31,
104.24

79.76, 86.29,
103.58

80.94, 86.02,
103.37

81.3, 85.8,
103.5

81.41, 85.96,
102.97

wavelength (Å)

0.97872
42.0–2.70
(2.75–2.70)

1.5011
50–2.94
(2.99–2.94)

1.5011
50–3.00
(3.05–3.00)

1.5418

1.7712

50–2.97

50–2.8

1.181
50.0-3.10
(3.15–3.00)

1.8923
50.0–3.08
(3.13–3.08)

0.976
50.0-2.80
(2.85–2.80)

Rmerge (%)

5.9 (78.5)

7.6 (37.9)

8.9 (33.7)

8.8 (69.5)

8.4 (62.9)

11.9(28.6)

13.5(25.2)

7.8 (65.5)

I/σ(I)

28 (2.5)

36.9 (7.7)

34.4 (14.1)

24.5 (3.4)

30.5 (2.0)

49.4 (22.4)

26.5(6.0)

61.7 (6.3)

no. of reflections

9951

14606

13895

7707

17061

12541

12239

9318

redundancy

8.1 (8.3)

14.2(14.5)

13.6(14.6)

4.2

9.9

13.3 (14.6)

4.4(3.0)

14.3 (15.0)

completeness (%)

99.7 (100)

99.8 (100.0)

99.8 (100.0)

99.8 (100.0)

99.4 (96.7)

99.5(95.6)

92.9(70.2)

99.5 (96.7)

resolution (Å)(last shell)

26.1−2.71
(2.85-2.71)

28.2–2.95
(3.05–2.95)

39.8–2.99
(3.10–2.99)

37.41–2.97
(3.16–2.97)

39.88–2.78
(2.86–2.78)

28.3-3.30
(3.47–3.29)

40.0–3.06
(3.19–3.06)

28.4–2.78
(2.93–2.78)

no. of reflections

9627

14432

13759

7646

16926

10413

12124

9231

no. of reflections in the
test set

968

1446

1385

771

1714

1048

1206

920
21.08/24.16
(35.27/36.02)

resolution (Å)(last shell)

2'-deoxy
2+

pH 5.0 Mn

2'-deoxy

G12A

2+

pH 8.0 Mn

2'-amino
2+

pH 8.0 Mg

2'-amino
2+

pH 8.0 Mn

2'-deoxy
2+

pH 5.0 Zn

2'-deoxy
2+

pH 4.0 Mn

2'-deoxy
2+

pH 5.0 Mg

2+

Refinement

Rwork/Rfree (%)(last shell)

22.42/27.78
(36.14/42.27)

20.94/23.30
(30.54/29.65)

22.10/25.99
(25.85/32.97)

20.38/25.20
(26.64/30.40)

19.37/21.84
(32.23/34.80)

21.68/25.18
(21.97/30.91)

20.20/25/37
(26.49/33.52
)

no. of atoms

1479

1466

1462

1484

1498

1467

1465

1467

RNA

1455

1455

1455

1456

1456

1454

1454

1454

ions

5

11

7

10

18

13

11

5

water

19

0

0

18

24

0

0

8

average B-factor

27.1

76.3

73.37

64.95

90.53

74.4

86.62

56.1

bond length (Å)

0.008

0.001

0.001

0.001

0.001

0.001

0.001

0.002

bond angles (deg)

1.378

0.388

0.373

0.314

0.318

0.443

0.376

0.47

coordinate error (Å)

0.45

0.32

0.38

0.35

0.32

0.33

0.34

0.37

rmsd
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Figure 3.3. Secondary and tertiary structure of the RzB hammerhead ribozyme.
Left. The secondary structure of RzB used for crystallization. RzB folds into three helical
domains, stem I, stem II, and stem III. Stem I is interrupted by an internal bulge, and is
divided into an upper and a lower region (stem Ia and stem Ib, respectively). Stem II is
capped by a loop II. A single adenosine A (L1.3) from stem I makes a tertiary contact
with loop II. Same numbering system is used as in Figure 3.1. Right. Cartoon
representation of the tertiary structure of the RzB ribozyme. The ribozyme strand is
shown in green, while the inhibitor strand is shown in magenta.
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Figure 3.4. Composite 2Fo-Fc omit maps contoured at 1.2 σ.
Left. Global structure of the RzB ribozyme. Right. The active site of ribozyme, including
A9, G10.1, C11.1, G12 and the cleavage site dinucleotide
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Figure 3.5. Intermolecular crystal contacts.
Left. In crystals of the RzB ribozyme, an intermolecular domain-swapped dimer is
formed. In this interaction, stem Ia of one molecule (green) is unwound and forms base
pairs with the same domain of an adjacent molecule (purple). The green molecule and
the purple molecule are related by crystallographic symmetry. Right. Structure for the
“monomeric” RzB molecule can be created by hiding appropriate nucleotides from the
green molecule and showing the interacting nucleotides from the purple molecule.
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3.4.2

Tertiary interaction between stem I and stem II

In spite of the intermolecular crystal contact, the tertiary interaction between stem I and
stem II appears to be unaffected (Figure 3.6). First, the uridine at position L2.1 forms a
Hoogsteen base pair with the adenosine at position L2.5. Second, the terminal loop on
stem II (i.e. loop II) opens up a pocket between the guanosine at position L2.4 and the
adenosine at position L2.5. This pocket provides a docking site for the internal bulge
from stem I, where the adenosine at L1.3 position is extruded and stacked between the
UA Hoogsteen base pair and the L2.4 guanosine. In addition, the L1.3 adenosine
interacts with the minor groove of the second guanosine in loop II through the formation
of two hydrogen bonds (Figure 3.6). The tertiary interaction observed here is
significantly different from that obtained from the previously characterized S. mansoni
ribozyme. However, the active site structures between RzB and the S. mansoni
ribozyme are strikingly similar (Figure 3.7). This suggests that RzB achieves the same
active site conformation as the S. mansoni ribozyme in spite of the differences in primary
sequence, the crystallization condition, and the tertiary contact. This observation also
supports the previous proposal that the nonconserved tertiary interaction is used by the
hammerhead ribozyme to achieve the same native structure of the active site (26,152).
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Figure 3.6. Tertiary contact between stem I and stem II.
A single adenosine from the internal bulge of stem I is extruded and docks into a pocket
that is formed in the terminal loop of stem II. This tertiary interaction is mediated through
hydrogen bonding and stabilized by base stacking. Dashed lines indicate hydrogen
bonds. Nucleotides that are involved in the tertiary contact are labeled.
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Figure 3.7. Structural alignment between the active sites of the RzB ribozyme and the S.
mansoni ribozyme.
RzB is shown in green, while the S. mansoni ribozyme is shown in purple (PDB code
3ZD5). It should be noted that at the 1.1 position, RzB has a uridine (U1.1), while the S.
mansoni ribozyme has a cytidine (C1.1). In addition, the RzB ribozyme was crystallized
using an inhibitor strand that carries a 2’-deoxy modification at C17, while the S.
mansoni ribozyme carries a 2’-O-methyl modification at the same position.
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3.4.3

The G12A mutation is disruptive to catalysis

We next investigated the proposed general base, G12. Mutation of the highly conserved
G12 nucleotide to an adenosine severely reduced the kobs of the reaction in 10 mM Mg2+
at pH 6.5 (Table 3.2). The rate constant for the reaction of the WT ribozyme was
measured to be ~1.4 min-1. In contrast, the kobs measured for G12A under similar
conditions was ~0.00011 min-1 which represents about 13,000-fold decrease in the
reaction rate. Such a low reaction rate is consistent with previous studies showing the
importance of G12 for the cleavage reaction (152-154).
To confirm that the G12A mutation does not cause significant structural changes,
we determined the crystal structure of the G12A mutant ribozyme (Figure 3.8). As
previously observed, there are minimal structural differences between the WT ribozyme
and G12A mutant(152,153). The ribozyme was crystallized with a deoxynucleotide at
C17 and therefore an exact measurement between the N1 of the purine at position 12
and the 2’-hydroxyl of C17 is impossible. The distance between C2’ of C17 and the N1
of A12 in the G12A crystal structures is 4.0 Å, while the equivalent distance is 4.2 Å for
the N1 of G12 in the WT ribozyme. The distance of the proposed general acid, the 2’-OH
of G8 to the 5’-O leaving group on U1.1 remains unchanged at 3.2 Å in both the G12A
mutant and WT ribozymes. Thus, the A12 mutation does not appear to cause significant
structural changes in the ground state conformation observed in the crystal structure.
It has been reported previously that the observed rate at which WT ribozyme
cleaves increases log-linearly with respect to pH(144,155). A similar pH-rate profile was
obtained for the WT ribozyme in 5 mM Mg2+ (Figure 3.9). The observed rate constant is
observed to be log-linear from pH 4.5 through ~pH 8.0. Such a profile is consistent with
a theoretical pH-rate profile that would arise from a general base having a pKa of ~8 (N1
of G12) thus is largely consistent with the mechanism proposed by Scott(59). The
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inflection point at pH 8.0 suggests that the N1 of G12 may have a pKa that is lowered
towards neutrality in the context of the hammerhead ribozyme. Above pH 8.5, the rate
constant decreases and it is not clear if this is due to deprotonation of a general acid,
such as the 2’-OH of G8 or a water molecule, being deprotonated or if this is due to
denaturation of the RNA.
In the G12A mutant, however, the pH-rate profile would be expected to be
significantly different than that observed for the wild type ribozyme. Adenosine in
solution has a pKa of ~ 3.5. A general base with that pKa and a general acid with a pKa
~13 would be expected to give rise to a pH-rate profile that is flat or with a negative
slope in the measurable pH-range (Figure 3.10). We characterized the pH-rate profile of
the G12A mutant using 50 Mg2+ where the reaction is faster, allowing more accurate
measurements to be made (Figure 3.9). As with the WT ribozyme, the pH-rate profile of
the G12A mutant is log-linear, however the inflection point at high pH is not observed
with this mutant (Figure 3.9). As the G12A mutant replaces a potential general base with
a pKa of ~9 with a potential general base with a pKa of around 4, these data suggest
either that the pH-rate profile of the hammerhead ribozyme does not reflect the
protonation state of G12 or that the mechanism of the G12A mutant must be revisited.
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Table 3.2. Observed rate constants for WT RzB hammerhead ribozyme and its mutants.
+ Mg2+ a

- Mg2+ b

kobs (min-1)

krel c

kobs (min-1)

krel c

WT

1.39 ± 0.04

NA

0.0025

0.002

G12A

0.00011 ± 0.00003

0.00008

0.00006

0.00004

G10.1C/C11.1G

0.00132 ± 0.00008

0.001

-

-

G10.1A/C11.1U

0.078

0.06

-

-

dG8

0.0018 ± 0.0002

0.001

not detected

-

a

2+

Mg -containing reactions were performed under single turnover conditions in 5 mM Mg

2+

and

50 mM MES pH 6.5.
b

Reactions in the absence of Mg

c

krel represents the ration of the observed rate constant to that of the WT hammerhead ribozyme
2+

in the presence of Mg .

2+

ion were performed in 1M NaCl and 100 mM EDTA.
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Figure 3.8. The active site of the G12A mutant hammerhead ribozyme.
The structure of the G12A mutant ribozyme is very similar to that of the WT ribozyme.
Due to the loss of the N2 exocyclic amine at position A12 is displaced slightly from the
position occupied by G12 in the WT ribozyme. There is a 3.1 Å hydrogen bond between
the N3 of A12 and the N6 of A9. Crystals of the G12A mutant ribozyme were soaked in
10 mM zinc acetate prior to freezing and anomalous diffraction data were collected using
X-rays at a wavelength of 1.181 Å. An anomalous difference density map, shown here
contoured at 4 σ, was used to indentify Zn2+ binding sites within the ribozyme. A clear
peak for Zn2+ is observed near A12. The distance between the N6 of A12 and the Zn2+
ion is 4.5 Å and the distance between the N4 of C17 and the Zn2+ ion is 5.1 Å. In
addition, a Zn2+ ion occupies the divalent ion binding pocket near G10.1.
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Figure 3.9. The pH-rate profile of WT hammerhead ribozyme (circles and solid line) is
compared to pH-rate profile of G12A (squares and dashed line).
Single turnover reactions were performed in 50 mM appropriate buffer. WT ribozyme
reactions were conducted using a 1 mM Mg2+ concentration and G12A mutant ribozyme
reactions were performed at 50mM Mg2+. Data were fit to equation (3) or a to line as
appropriate. Error bars represent standard deviations from at least three replicates.
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Figure 3.10. Simulated pH-rate profiles of WT RzB and G12A RzB.
The individual fractions of functional general acid, fA (orange) and functional general
base, fB (blue) give rise to the pH-rate profile which is shown in grey. For wild-type
hammerhead ribozyme (A), the pKas of general acid and general base were assumed to
be ~13 and ~9 respectively, whereas for G12A mutant (B), the pKa of general base was
changed to ~4.
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3.4.4

Identification of divalent metal ion binding sites in the hammerhead ribozyme

The native X-ray diffraction dataset was obtained from an RzB crystal soaked in the
presence of MgCl2. There are two major challenges to identify Mg2+ ion binding site in
the crystal structure. First, a Mg2+ ion has equal numbers of electrons as a water
molecule or a Na+ ion (however, Na+ ions were not included in the crystallization buffers).
Second, although a typical Mg2+ ion coordinates to six ligands in an octahedral geometry,
high-resolution diffraction data and well-ordered electron density are needed to resolve
the octahedrally coordinated Mg2+ ion. We used MnCl2 as a substitute for MgCl2 in order
to circumvent these problems. The rationale is threefold. First, Mn2+ prefers similar
octahedral coordination geometry as Mg2+ (156). Second, the RzB hammerhead
ribozyme is fully functional in MnCl2 (144,157). Third, Mn2+ has more electrons than Mg2+
and has a distinct X-ray absorption peak at 1.896 Å (57), allowing unambiguous
detection of Mn2+ binding sites using anomalous diffraction. Therefore, we used buffers
that contain MnCl2 to soak RzB crystals prior to data collection. As shown in Figure 3.11,
upon soaking with MnCl2, several anomalous peaks (> 3σ) were revealed in the
proximity of RzB, suggesting specific coordination of Mn2+ ions to the RNA molecule.
Although some of these peaks may represent native binding sites for Mg2+, caution
should be taken in interpreting the anomalous signal. Unlike Mg2+, which is a “hard”
metal and prefers to bind a “hard” ligand such as oxygen, Mn2+ is considered a “softer”
metal and prefers to bind soft ligands such as nitrogen or sulfur (158). This characteristic
might lead to a binding site that is unique to Mn2+. One example is the N7 atom of
guanosine. Of the eight anomalous peaks shown in Figure 3.11, four peaks are within
2.5 Å of guanosine N7, suggesting inner-sphere coordination of Mn2+ ions. This
coordination pattern does not typically occur in the presence of Mg2+ ions.
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The hammerhead ribozyme reaches maximal catalytic activity at high pH
(138,144). We therefore obtained crystal structures of RzB at both pH 5.0 and pH 8.0. At
pH 5.0, an Mn2+ ion is observed near the A9 and G10.1 nucleotides (Figure 3.12). This
Mn2+ ion interacts with the N7 of G10.1 and the pro-Rp oxygen of the A9 phosphate.
Previously, crystal structures of both the minimal and the full-length hammerhead
revealed binding of a divalent metal ion at this site (ref ). Our result indicates binding of
this metal ion is a conserved feature among different hammerhead sequences. We then
examined the crystal structure from the crystal soaked at pH 8.0. We found that the
“A9/G10.1” metal remains bound. However, we observe an additional Mn2+ ion near the
Hoogsteen face of G12 (Figure 3.12). This Mn2+ ion is within 2.3 Å distance of the N7
atom of G12, suggesting an inner-sphere interaction. The G12 site Mn2+ ion also
coordinates to the O6 of G12 and the phosphate of C11.1 through outer-sphere
interactions. The bonding distances are 3.1 Å and 2.9 Å, respectively. The outer-sphere
interactions are likely mediated through metal-bound water molecules. The inner-and
outer-sphere metal ligands observed here are consistent with the binding preference of
an Mn2+ ion, where the nitrogen (i.e. N7 of G12) binds directly as an inner-sphere ligand,
while the oxygen (i.e. O6 of G12 or the non-bridging phosphate oxygen of C11.1) binds
indirectly as an outer-sphere ligand. If a Mg2+ ion were to bind at the G12 site, the
ligands would be expected to be slightly different since Mg2+ does not typically bind the
N7 nitrogen in a direct way.
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Figure 3.11. Mn2+ anomalous diffraction map.
The anomalous map (purple mesh) is centered around the metal ligands. The map is
contoured at 3.0 σ. This crystal structure was obtained from a RzB crystal that was
soaked at pH 8.0.
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Figure 3.12. Mn2+ anomalous diffraction maps (purple mesh) in the active site of the
RzB ribozyme at pH 5.0 (left) and pH 8.0 (right).
Maps are contoured at 3.0 σ.

94
3.4.5

A pH-dependent conformational change in the hammerhead ribozyme active site

Comparison of crystal structures of RzB at pH 5.0 and pH 8.0 reveals a conformational
change in the active site. The observed change in conformation is centered on G12
(Figure 3.13). At pH 5.0, G12 makes a sheared base pair with the Hoogsteen face of A9.
This interaction is mediated through two hydrogen bonds. At pH 8.0, however, G12
moves 2–3 Å away from A9 to stack upon C17 (Figure 3.13). This movement disrupts
the A9G12 base pair. In these crystal structures, the 2’-OH nucleophile on C17 was
removed, and therefore it is impossible to measure the change of distance between G12
and the nucleophile. However, the distance from N1 of G12 to the phosphorus atom of
the scissile phosphate can be readily measured. This distance increases from 5.4 Å to
5.9 Å as pH increases from 5.0 to 8.0. Interestingly, we also found that the 5’-leaving
oxygen moves away from the 2’-OH of G8 as pH increases from 5.0 to 8.0. At pH 5.0,
the 2’-OH of G8 donates a bifurcated bond to both the pro-Rp of the scissile phosphate
and the 5’-O leaving group of U1.1. At pH 8.0, the distance between the 2’-OH of G8 and
the leaving oxygen increases from 2.9 Å to 4.3 Å, while the distance to the pro-Rp
oxygen of the scissile phosphate decreases from 3.3 Å to 2.4 Å (Table 3.3). Breakage of
the former bond as RzB adopts a more active structure at high pH seems to contradict
the proposal that the 2’-OH of G8 acts as a general acid. In contrast, the hydrogen bond
between the 2’-OH of G8 and the pro-Rp oxygen of the scissile phosphate is
strengthened at high pH.
It is impossible to tell from the crystal structure the ionization state of G12
nucleobase. However, two observations from the crystal structures suggest G12 might
become deprotonated as pH increases from 5.0 to 8.0. First, the binding of an Mn2+ ion
is observed at pH 8.0 but not at pH 5.0. At pH 8.0, G12 may become deprotonated at the
N1 position, and generate the negative charge necessary for recruitment of a metal ion
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to this site. Second, as pH increases, G12 moves slightly away from the negatively
charged scissile phosphate. This movement is consistent with electrostatic repulsion
between the scissile phosphate and a nearby negatively charged nucleobase. Additional
insight into the ionization state of G12 comes from the pH-rate profile (Figure 3.9). The
apparent pKa obtained from the pH-rate profile is ~8. If this pKa were from the proposed
general base G12, then ~50% of the G12 nucleobase would be deprotonated under the
pH 8.0 soaking buffer.
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Figure 3.13. A pH-dependent conformational change of the active site.
A. At pH 5.0, G12 is observed to be involved in a sheared base pair with A9. A single
Mn2+ ion is observed to bind the N7 of G10.1 and the pro-Rp oxygen of the A9 phosphate.
B. As pH 8.0, G12 has changed position to stack upon C17. This conformational change
disrupts the base pair with A9. Instead, G12 is observed to interact with exocyclic amine
of A9 through two long hydrogen bonds (~ 3.5 Å). Two Mn2+ ions are observed in the
active site at pH 8.0. The first is near G10.1. The second is near the Hoogsteen face of
G12. C. The structures of the RzB hammerhead ribozyme at pH 5.0 and pH 8.0 were
superposed based on the position of the cleavage site dinucleotide (purple). Active site
nucleotides are shown in cyan (pH 5.0) and green (pH 8.0). The largest difference is the
position of G12. Movement of G12 away from the scissile phosphate and the binding of
an Mn2+ ion (shown in panel B) to G12 suggest that G12 may be deprotonated and
negatively charged at pH 8.0.
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Table 3.3. Measured distance between important functional groups/ligands in the WT
hammerhead ribozyme
Site 1

Site 2

2'-deoxy pH 5.0

2'-deoxy pH 8.0

2'-NH2 pH 8.0

A9/G10.1 Mn2+

A9-proRp O

1.9 Å

2.6 Å

2.1 Å

A9/G10.1 Mn2+

G10.1-N7

3.2 Å

3.3 Å

3.8 Å

A9/G10.1 Mn2+

U1.1-proRp O

5.5 Å

4.6 Å

3.8 Å

U1.1-proSp Mn2+

U1.1-proSp O

2.1 Å

U1.1-proSp Mn2+

U1.1-5'-O

4.2 Å

U1.1-proSp Mn2+

C17-2'-NH2

3.8 Å

G8-2'-OH

U1.1-proRp O

3.3 Å

2.4 Å

2.5 Å

G8-2'-OH

U1.1-5'-O

2.9 Å

4.3 Å

4.1 Å

A9-proRp O

U1.1-proRp O

5.8 Å

4.5 Å

4.1 Å
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3.4.6

The G12A mutation exhibits a metal ion specificity switch.

Several studies have shown that the divalent metals influence the observed rate
constants in hammerhead ribozyme(144,157). In an attempt to understand how divalent
metals impact the reaction, metal ion titration studies were performed using both WT and
G12A mutant ribozymes. For this study, we focused on the response of the
hammerhead ribozyme to Mg2+, Mn2+ and Zn2+ ions. The pH was kept low (6.5) to avoid
complications arising from lower solubility of divalent metals at higher pH conditions. For
the wild-type RzB ribozyme, the kobs values only show minor differences between Mn2+,
Mg2+ or Zn2+ (Figure 3.14). Reactions in Zn2+ and Mn2+ appear slightly faster when
compared to Mg2+ as previously observed(144), however the observed kmax values in the
different metal ions are within 2-fold of each other (Table 3.4). Likewise, the reactions in
the various metal ions exhibit only small differences between the apparent KD’s and Hill
coefficients.
In contrast, the G12A mutant of RzB ribozyme shows a very different preference
for divalent metals than the wild-type ribozyme. The observed rate constant was
significantly higher in Zn2+ as compared to Mn2+ or Mg2+ (Figure 3.14B). kmax of the RzB
G12A mutant in the presence of Zn2+ was ~0.01min-1 which is 10-fold higher than that
observed in Mn2+ and about 50-fold higher than that observed in Mg2+. The trends in
apparent dissociation constants and Hill coefficients remain similar to those observed in
the wild-type RzB ribozyme. In contrast to the 13,000-fold difference in reactivity
between the WT and G12A mutant ribozymes in Mg2+ ion, there is only a 170-fold
difference in kmax between the WT and G12A mutant ribozymes in Zn2+ ion (Table 3.4).

Metal specificity switches can result from binding of metal ions at locations
distant from the active site. We therefore repeated these experiments using the S.
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mansoni hammerhead ribozyme. This ribozyme has different sequences in the
peripheral helices but the core nucleotides in the active site are invariant. It was not
possible to saturate the reaction of the WT S. mansoni hammerhead ribozyme with Mg2+
precluding an accurate description of the kinetic parameters for the reaction in this ion.
The observed rate constants in all three metal ions, however, are similar (Figure 3.14,
Table 3.4). We then examined the metal ion dependence of the S. mansoni G12A
mutant. This ribozyme displays the same preference for the divalent metals as the RzB
G12A mutant ribozyme (Figure 3.14, Table 3.4). Zn2+ significantly enhances the
reactivity over that observed in Mn2+ or Mg2+. As with the WT S. mansoni ribozyme,
saturation was not observed in the Mg2+-containing reactions. These experiments
demonstrate that replacing G12 to an A12 switches the divalent metal binding
preference in at least two hammerhead ribozyme sequences. As the metal ion specificity
switch is observed in different ribozymes with different peripheral elements, the switch in
divalent metal specificity is likely a conserved property of the catalytic core nucleotides in
the active site of the G12A mutant.
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Figure 3.14. G12A mutant shows a metal specificity switch.
A & B. Single turnover reactions were performed as described in Methods and materials
in Mg2+ (green ◊), Mn2+ (blue □) or Zn2+ (red ○). kobs values were measured at a range of
divalent metal ion concentrations while keeping the pH constant at 6.5. The reactions
were performed using RzB hammerhead ribozyme (A) or its G12A mutant (B). Data from
these graphs were fit to equation (number?) and the resulting parameters are given in
table 1. Measurement of kobs at higher Zn2+ concentrations was not possible due to Zn2+
solubility problems. Error bars represent standard deviation from three replicates. C & D.
The metal specificity switch is reproduced in S. mansoni G12A. Single turnover reactions
were performed at various concentrations of Mg2+ (green ◊), Mn2+ (blue □) and Zn2+ (red
○) in WT (C) and the G12A (D) mutant. pH was kept constant at 6.5. The kobs of the
reactions were plotted against metal concentrations and data were fit to equation 3. The
resulting kinetic parameters are summarized in table 1. Error bars represent standard
deviations from at least three replicates.

Table 3.4. Kinetic parameters for hammerhead ribozyme cleavage reactions in various divalent metal ions.
WT

G12A

Zn2+

Mn2+

Mg2+

Zn2+

Mn2+

Mg2+

kmax (min-1)

1.7 ± 0.1

3.3 ± 0.2

2.5 ± 0.3

0.010 ± 0.001

0.0010 ± 0.0001 0.0002 ± 0.0001

KD (mM)

2.4 ± 0.2

0.9 ± 0.1

1.0 ± 0.2

2.1 ± 0.6

2.4 ± 0.5

4.0 ± 3

nHill

1.7 ± 0.3

2.0 ± 0.5

1.4 ± 0.4

1.3 ± 0.3

1.7 ± 0.8

1.3 ± 3

kmax (min-1)

3.2 ± 0.5

5±1

-

0.007 ± 0.001

0.0023 ± 0.0003 0.0005 ± 0.0001

KD (mM)

2.3 ± 0.8

7±4

-

2.9 ± 0.9

2.5 ± 1.0

19 ± 9

nHill

1.1 ± 0.2

1.0 ± 0.3

-

1.4 ± 0.3

2.2 ± 2

0.7 ± 0.2

RzB

S. mansoni

Reactions were performed in 50 mM MES pH 6.5 and various concentrations of the indicated divalent metal ion.
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3.4.7

A Zn2+ ion binding pocket at A12

To characterize the metal ion binding properties of the G12A mutant ribozyme, we
soaked crystals of this ribozyme in stabilization buffer containing Zn2+ and collected
anomalous diffraction data from the Zn2+ soaked crystals. A >5 σ peak is observed near
A12 in the Zn2+ anomalous density map (Figure 3.8). Potential ligands to this Zn2+ ion
are the exocyclic amine of A12 (4.5 Å distant), the pro-SP oxygen of U16.1 (4.1 Å distant)
and the exocyclic amino of C17 (5.1 Å distant). These distances are consistent with
outer sphere interactions between the ligands from the RNA and the water molecules
bound to the hydrated Zn2+ ion.

3.4.8

There is a divalent metal ion binding pocket at G10.1

A divalent metal ion has been previously observed at the G10.1-C11 base pair in the
crystal structure of the S. mansoni hammerhead ribozyme. There is significant evidence
to suggest that this metal ion participates in catalysis and interacts with the scissile
phosphate during the cleavage reaction. In the RzB ribozyme, we are also able to
observe electron density at the Hoogsteen face of G10.1 that appears to be a Mg2+ ion.
To confirm metal ion binding at this position, we soaked crystals in Mn2+ and calculated
anomalous difference electron density maps. At pH 5.0 Mn2+ ion at G10.1 gives rise to a
>5 σ (Figure 3.12). As has been observed previously with the S. mansoni hammerhead
ribozyme(57), this ion is 4-5 Å distant from the scissile phosphate in the ground state
crystal structure.
To characterize the role of the metal ion bound near G10.1, double mutants were
generated that preserved the base-pairing potential of G10.1 to The G10.1C-C11G
double mutant swaps the positions of the purine and the pyrimidine in the base pair.
Thus, the N7 on guanosine is moved to the opposing strand of RNA and the exocyclic
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amine of the cytosine occupies the major groove near the metal binding site. Secondary
structure predictions suggest that this double mutant retains the ability to fold into the
wild-type secondary structure. The activity of this mutant is 1050 fold down relative to
that of the wild-type ribozyme (Table 3.2). The G10.1A-C11U double mutant retains the
purine and the N7 at the 10.1 position, but replaces the keto group of the guanosine with
the exocyclic amine of an adenosine. This double mutant is also predicted to retain the
secondary structure of the wild-type ribozyme. The A10.1-U11 double mutant is only 18
fold less active than the WT ribozyme.
The mutagenesis experiments suggest that the metal ion binding site at the
G10.1-C11 base pair is important for catalysis, in spite of being 4-5 Å distant from the
cleavage site dinucleotide. Loss of the N7 on the purine is expected to be highly
disruptive to metal ion binding while replacement of the keto oxygen on the guanosine
with the exocyclic amino group of adenosine is expected to be modestly disruptive.

3.4.9

Crystal structure of the hammerhead ribozyme with 2’-NH2 substitution at the
cleavage site

To gain further insight into the active site structure, we crystallized RzB that carries a 2’NH2 substitution on C17 nucleotide of the inhibitor strand. The NH2 group is a hydrogen
bond donor just like what would be expected for the 2’-OH nucleophile. In addition,
similar to 2’-OH, the 2’-NH2 group could act as a metal ligand (159). These two
properties make the 2’-NH2 a better 2’-OH mimic than the 2’-deoxy substituent, because
the latter lacks both the hydrogen bonding and the metal binding capabilities.
The 2’-NH2 RzB crystals diffracted to 2.8–3.0 Å and have the same space group
as the 2’-deoxy RzB crystals (Table 3.1). As expected, the global structure of the
hammerhead ribozyme does not change upon the 2’-NH2 substitution. In the active site,
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the angle between the 2’-NH2, the phosphorus center of the scissile phosphate, and the
5’-oxygen is 154°. The near in-line geometry (180°) observed in our crystal structure
suggests that the RzB ribozyme is folded into an active conformation. Compared to the
2’-deoxy RzB structure, metal coordination environment is significantly different in the
active site of the 2’-NH2 RzB structure. In the presence of Mg2+ ion, electron densities
are observed in the proximity of the O6 of G12, the pro-Sp oxygen of the scissile
phosphate and the pro-Rp oxygen of the A9 phosphate (Figure 3.15). Because Mg2+ has
same number of electrons as water, it is uncertain whether these densities come from
Mg2+ or water. However, upon soaking the crystal with an Mn2+-containing buffer, a
prominent anomalous peak (> 5σ) is observed at 2.1 Å away from the pro-Sp oxygen of
the scissile phosphate (Figure 3.15). This suggests a direct binding of an Mn2+ ion to the
scissile phosphate. A weak anomalous peak (> 3σ) is observed near the A9 phosphate
and the N1 of G10.1 (Figure 3.15). This peak likely represents the previously
characterized A9/G10.1 site metal ion. However, the occupancy of this metal-ion binding
site appears to be lower compared to the 2’-deoxy RzB structure. Unexpectedly, no
anomalous peak is observed near the G12 site, suggesting that Mn2+ does not bind to
G12. Instead, a Mg2+ ion and a water molecule or, alternatively, a K+ ion can be fitted
into the density near the Hoogsteen face of G12 (Figure 3.15). If a Mg2+ ion and a water
molecule were modeled, they would be interacting with the keto oxygen as well as the
N7 of G12. As Mg2+ does not normally interact with the N7 of guanine directly, it is
reasonable to assume that the Mg2+ ion would directly interact with the keto group.
Compared to the 2’-deoxy RzB, G12 adopts a position similar to that observed in
the pH 5.0 structure, in which G12 makes a sheared base pair with the Hoogsteen face
of A9. However, in the 2’-NH2 RzB structure, the 5’-O leaving group is positioned 4.1 Å
away from the 2’-OH of G8. This is similar to what we found in the 2’-deoxy structure at
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pH 8.0. Likewise, the 2’-OH of G8 donates a hydrogen bond to the pro-Rp oxygen of the
scissile phosphate with a bond distance of 2.5 Å. This suggests that G8 may simply play
a structural, rather than a catalytic role, in hammerhead catalysis.
We also found that the substituted 2’-NH2 group interacts with the N1 of G12 via
a hydrogen bond with a distance of 3.1 Å. (Figure 3.15). This hydrogen bond is
observed in both the Mg2+- and the Mn2+-containing structures. In order to form a
hydrogen bond with the N1 of G12, the 2’-NH2 group should act as a hydrogen bond
donor, while the N1 of G12 should be a hydrogen bond acceptor. Previously, G12, in its
neutral form, was shown to donate a hydrogen bond to the 2’-oxygen group in the 2’-Omethyl inhibited S. mansoni hammerhead ribozyme structure. The directionality of the
hydrogen bond observed here is apparently opposite, and is what would be expected if
the 2’-OH nucleophile were present in the structure. Although this hydrogen bond
appears to be mimicking the catalytically active hydrogen bond prior to the deprotonation
step, proton transfer is blocked. This is likely because the 2’-NH2 remains neutral and
does not give away its proton to the N1 of G12. Nevertheless, the hydrogen bond pattern
observed is consistent with the proposal that G12 is deprotonated at high pH, is
positioned near the nucleophile, and functions as a general base.
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Figure 3.15. The active site of RzB hammerhead ribozyme with 2’-NH2 modification at
C17.
Fo-Fc simulated annealing omit maps contoured at 3.0 σ (grey mesh) are shown in panel
A and panel B. The Mn2+ anomalous diffraction map contoured at 3.0 σ (purple mesh) is
shown in panel C. A. In the presence of Mg2+ ions, three peaks are observed. These
peaks are near the O6 of G12, the pro-Rp oxygen of A9 phosphate, and the pro-Sp
oxygen of the scissile phosphate. Although Mg2+ ions (green sphere) are displayed,
these peaks could also originate from water molecules. B. A similar view as in panel A,
but the RzB crystal was soaked in the presence of Mn2+. C. Upon soaking with Mn2+ ions,
anomalous scattering is observed near the pro-Rp oxygen of the A9 phosphate and the
pro-Sp oxygen of the scissile phosphate. This suggests that two Mn2+ ions bind to the
active site. Dashed lines indicate hydrogen bonds and metal-ligand interactions. Mn2+
ions are shown as purple spheres, water is shown as a red sphere. Note: although a
Mg2+ ion and a water molecule are modeled into the structure as shown in panel B and C,
a K+ ion could also fit into the density.
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3.5

Discussion

The hammerhead ribozyme has been extensively characterized since it was first
discovered in 1987. Early studies focused on a minimal ribozyme design containing only
the core nucleotides in the active site and three small stems. This molecule was
systematically studied using a variety of single atom substitutions and a variety of
unnatural nucleotides(160). The crystal structure of the minimal hammerhead ribozyme
was the first ribozyme to be characterized by X-ray crystallography(161,162).
Surprisingly at the time, the crystal structure of the minimal hammerhead ribozyme was
not supported by the extensive biochemical data(160), suggesting that the structure was
not in a catalytically active conformation. Eventually, a tertiary contact between stem I
and stem II of the hammerhead ribozyme was found to exist in naturally occurring
hammerhead ribozymes. When the hammerhead ribozyme is extended to include this
tertiary contact, the reactivity of the ribozyme is greatly increased(135,136,138,145). As
predicted by the biochemical data, this tertiary contact is necessary to reorganize the
conformation of the active site, and the crystal structure of the tertiary-contact stabilized
ribozyme revealed a distinctly different conformation in the active site(59). The structure
of the active site in the extended hammerhead is in agreement with most of the available
biochemical data(163). Crystal structures, however, only reveal the structure of a
trapped ground state, and evidence is accumulating that suggests the active site of the
hammerhead must further rearrange prior to catalysis or during the reaction pathway.

3.5.1

The curious case of G12

In all the crystal structures of the extended hammerhead, G12 is pointed towards the
position that would be occupied by 2’-hydroxyl of C17, the nucleophile in the cleavage
reaction. G12 has been proposed to serve as the general base, capable of accepting a
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proton from the nucleophile when G12 is in its deprotonated, negatively charged, state.
Guanosine at position 12 is completely conserved in all known hammerhead ribozymes
and substitution with adenosine or unnatural purine analogs, including 2,6-diaminopurine,
inosine and 2-aminopurine is more detrimental to catalysis than would be predicted
based on the position of G12 within the active site and its function as a general
base(153,154).
G12 and A9 form a sheared base pair and there is a hydrogen bond between the
exocyclic amine of G12 and the N7 of A9. Surprisingly, substitution of G12 with an
inosine, which lacks only the exocyclic amine, is severely disruptive to
catalysis(153,164). Inosine has a pKa similar to that of guanosine (9.6 for guanosine vs
8.7 for inosine) and an inosine at position 12 would be expected to largely retain function.
The nucleobases 2-aminopurine or 2,6-diaminopurine retain the exocyclic amine at
position 2, but either lacks a functional group at position 6 or substitutes an exocyclic
amine for the keto oxygen of guanine. Like adenosine, 2-aminopurine and 2,6diaminopurine nucleobases severely reduce cleavage activity when introduced at
position 12. Comparing the activity for all of these nucleobase substitutions suggests
that maximal activity requires both an exocyclic amine at position 2 and either a keto
oxygen or an exocyclic amine at position 6. This requirement is not supported by the
crystal structures as the keto oxygen of G12 is pointing towards solvent and is not
engaged in any hydrogen bonds or direct metal ion interactions (Figure 3.13).
More curiously, all of these purine analogs retain the ability to perform proton
transfer reactions and would be expected to support function in the hammerhead
ribozyme cleavage reaction. The pKa’s of the purines used in these studies ranges from
~4 to ~9. Yet, the pH rate profile for ribozymes with purine substitutions at position 12
are all very similar with a log linear profile from ~pH 4 to ~pH 8.5. If G12 were involved in
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a proton transfer reaction, the activity of the ribozyme would be expected to depend on
the protonation state of G12 or the protonation state of the purine introduced at position
12. This is clearly not evident in the pH-rate profile(154). This suggests either that the
pH-rate profile does not reflect the protonation state of G12 or that the path to the
cleavage reaction is more complex than expected based on the ground state crystal
structure. Thus, G12 likely plays key roles in organization of the active site that have not
yet been fully elucidated by the structures observed in the available crystals.

3.5.2

G12 positions an active site metal ion

Here, we present data that suggest that the purine at position 12 plays critical roles in
positioning an active site metal ion. As observed in previous studies, the activity of the
G12A mutant ribozyme is over four orders of magnitude slower than the WT ribozyme in
the presence of Mg2+(153). However, the maximal rate of the G12A ribozyme is only two
orders of magnitude slower in the presence of Zn2+ ion (Figure 3.14, Table 3.4). The
interaction between A12 in the mutant ribozyme and the rescuing Zn2+ ion could be
direct, or it could result from a long-range effect from Zn2+ binding elsewhere in the
ribozyme. The Zn2+ rescue of the G12A mutant is not dependent on the identity of the
hammerhead ribozyme as it is observed both in the RzB ribozyme and in the S. manoni
ribozyme. Thus, the rescuing Zn2+ likely binds to an active site nucleotide present in the
catalyic core common to both ribozymes. In addition, we are able to observe a Zn2+ ion
interacting with the Hoogsteen face of A12 in the mutant ribozyme (Figure 3.8). Both
monovalent and divalent ions have been observed to interact with the Hoogsteen face of
G12 in crystal structures described here and elsewhere(57,151).
What role does the metal ion at the Hoogsteen face of position 12 play? One
possibility is that this metal ion serves solely to lower the pKa of G12 in the WT ribozyme
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through electrostatic effects. However the Zn2+ rescue of the G12A mutant argues
against this. Just as metal ion binding at the Hoogsteen face of G12 could shift the pKa
of G12 down towards neutrality, metal ion binding at A12 in the mutant ribozyme would
be expected to shift the pKa of A12 down. But this shift would push the pKa of A12 below
~4 and away from neutrality. While this positively charged metal ion could stabilize the
negative charge at the N1 in the deprotonated state of G12, it should destabilize
protonation of A12 due to juxtaposition of multiple positive charges (Figure 3.16). Thus,
binding of metal ion at the Hoogsteen face would be expected to disfavor proton transfer
if A12 were serving as the general base in this mutant and the only role for Zn2+ were to
lower the pKa of the purine nucleobase (Figure 3.16). In contrast to the inhibition
expected in this scenerio, however, we observe that Zn2+ rescues the G12A mutant to
within two orders of magnitude of the WT ribozyme. This suggests that the rescuing Zn2+
enhances the reactivity of the G12A mutant through a different mechanism.
The location of the rescuing metal ion observed in Zn2+ anomalous difference
maps of the G12A ribozyme is also problematic. This Zn2+ has three potential ligands
that are atoms within the covalent structure of the ribozyme. However all of these atoms
are >4.5 Å distant from the metal ion, suggesting the metal ion only interacts with the
RNA through its water shell (Figure 3.8). Most metal ion specificity switches result from
metal ions coordinating directly to atoms within the covalent structure of RNA. In addition,
the metal ion is at the periphery of the RNA, distant from most of the active site and the
cleavage site (Figure 3.8). Combined, the specificity switch and the location of the Zn2+
ion near A12 suggest that the hammerhead ribozyme undergoes a conformational
change prior to or during the cleavage reaction. This conformational change would likely
bring A12 into direct contact with the Zn2+ ion and give rise to the observed metal
specificity switch.
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Figure 3.16. Metal ion activation of G12.
Coordination of a divalent metal ion to G12 is predicted to lower the pKa of the
nucleobase from ~9 towards neutrality because the positively charged metal ion can
stabilize the negative charge on the guanine base. In contrast, metal ion binding to
adenine is predicted to shift the pKa of the adenine nucleobase away from neutrality as
the metal ion would destabilize positively charged, protonated form of the nucleobase.
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3.5.3

Zn2+ induces tautomerization of A12

Zn2+ ions, while commonly found at the Hoogsteen face of guanosine nucleotides, are
not observed to interact with adenosine nucleotides. The only difference between the
Hoogsteen face of G and the Hoogsteen face of A is that the keto group at the six
position of guanine is replaced with the exocyclic amine at the six position of adenine.
Metal specificity switches typically result from a direct contact between a metal ion and
the ligand being probed. The observed metal specificity switch would therefore suggest
that the Zn2+ ion at the Hoogsteen face of A12 becomes directly coordinated to the N6 of
A12 in the G12A mutant. Chemically, this is problematic because aromatic exocyclic
amine groups are not particularly good metal ligands for Zn2+ (Figure 3.17). In addition,
as previously discussed, a direct interaction between Zn2+ and A12 is expected to lower
the pKa and impair, not improve, the ability of A12 to serve as a general base (Figure
3.16).
We propose a mechanism in which A12 tautomerizes during the cleavage
reaction of the hammerhead ribozyme (Figure 3.17). Nucleobases have the ability to
adopt tautomeric structures, especially when constrained in the context of protein or
RNA active sites. Xanthine, a nucleobase not typically found in RNA, is observed to be
in the rare tautomeric species when bound in the binding pocket of the purine
riboswitch(165). Rare tautomers of naturally occurring DNA nucleobases also appear to
be trapped within the active site of polymerases(166,167).
The imino-N1H tautomeric species of adenosine has chemical properties that
could explain how the N6 of A12 could directly interact with the Zn2+ ion, and why the
pH-rate profile of the G12A mutant differs so little from that of the WT ribozyme. If A12
adopted the imino-N1H tautomeric form in the context of the hammerhead ribozyme
active site, N6 would become more electron-rich and therefore a better inner-sphere
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ligand to Zn2+. Computational studies predict that interactions between divalent metal
ions are strengthened in the rare, imino-NH1 species of adenine and, likewise, that the
rare tautomeric species would be stabilized by the presence of the metal ion(168). Thus,
formation of the rare tautomer of adenine and stabilization of the same by Zn2+
coordinate could explain the observed metal specificity switch. Likely Mg2+ is bound in a
similar position to G12 in the WT ribozyme, leading to reduction in the pKa and activation
of the general base.
Tautomerization of A12 in the G12A mutation can also explain the pH-rate profile
of the G12A mutant (Figure 3.9). If the dominant, amino, tautomer of A is functioning in
the reaction, a we would expect to see a different pH-rate profile in the WT and G12A
mutant ribozyme reactions as the pKa’s of A and G differ significantly. However, the
imino-N1H form of adenosine resembles guanosine in that N1 is protonated in its neutral
form and the pKa of this species would be predicted to be closer to that of guanine than
that of adenine. If the minor, imino, tautomer of adenosine were serving as a general
base, the pH-rate profile for the G12A mutant ribozyme would therefore be expected to
have the same overall shape as the WT ribozyme, as we observe. In addition, the same
driving forces that facilitate deprotonation of the N1 of guanosine could facilitate
deprotonation of the imino-N1 tautomeric form of A12. Such a mechanism also helps to
explain the increased reactivity of 2,6-diaminopurine relative to 2-aminopurine at position
12 as a metal ion can interact with and stabilize the N6 imino-N1H tautomer of 2,6diaminopurine nucleobase, but not the 2’-aminopurine nucleobase. We would predict
that if G12 were replaced with a 2,6-diaminopurine, Zn2+ could further enhance the
cleavage activity, as this nucleobase possesses the N2 exocyclic amine lacking from
adenine.
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Figure 3.17. A conformational change is needed to stabilize the rare imino- tautomeric
form of A12.
In the crystal (left), a Zn2+ ion is observed to coordinate the N6 of A12 through its water
ligand. Divalent metal ions are observed to stabilize tautomeric forms of adenine,
however this involves direct coordination of the metal ion to the nucleobase (168). Zn2+
rescue of the G12A mutant suggests that the Zn2+ ion becomes directly coordinated to
the N6 of A12 and the pH-rate profile of the G12A mutant suggests that the reactive
species is the rare imino- tautomer (middle). In the WT ribozyme (right), a Mg2+ likely
similarly coordinates to G12 to help lower the pKa of G12 and organize the active site for
catalysis.
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3.5.4

Active site rearrangements during the hammerhead ribozyme cleavage reaction

There are significant indications presented here and elsewhere (56,169,170) that the
ground-state structure of the hammerhead ribozyme observed in crystals must undergo
a significant conformational change prior to or during the cleavage reaction. We are able
to observe a striking change in the position of G12 at high pH where the hammerhead
ribozyme is the most active. The change in position of G12 is consistent with
deprotonation of the nucleobase as G12 is observed to move away from the scissile
phosphate, yet remain in position to deprotonate the nucleophile. Such a change in
conformation in the active site has not previously been observed.
The location of the two active site metal ions in the available crystal structures
suggests that significant additional conformational changes are likely needed to occur
prior to or during the cleavage reaction. The metal ion near G12 appears to be critical for
ribozyme function, yet it is not observed to have any inner-sphere ligands to the
ribozyme and is located at the periphery of the active site. The metal ion at G10.1 is also
distal to the active set yet significant evidence exists that it contacts the scissile
phosphate prior to the cleavage reaction and this has not been observed in any crystal
structure. Wang et al linked Cd2+ rescue of phosphorothioate-substitutions at A9 and the
pro-RP oxygen of the scissile phosphate to the N7 of G10.1 in the context of a minimal
hammerhead ribozyme that lacks the tertiary contact between stems I and II. These data
suggest that the metal binding pocket near G10.1 must contract and bring the metal ion
into proximity of the scissile phosphate. Ward et al demonstrated that this metal ion
interacts with the pro-RP oxygen of the scissile phosphate in the ground state of the S.
mansoni ribozyme. We are unable to observe metal binding at this position in any of the
anomalous diffraction experiments described here. These data suggest that all of the
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crystal structures, including those presented here, represent an open structure that must
subtly rearrange during the cleavage reaction.

3.5.5

Deprotonated G12 accepts a hydrogen bond from the 2’-NH2 nucleophile analog

The 2’-NH2 substitution not only inhibits the ribozyme activity but also serves as a
nucleophile analog by having similar hydrogen-bonding capability. Here, we observe that
the 2’-NH2 group donates a hydrogen bond to the N1 of G12. In comparison, the
previously observed hydrogen bond in the 2’-O-methyl inhibited S. mansoni
hammerhead is purely structural; because the 2’-O is methylated and must receive a
hydrogen bond from G12. Scott and co-workers proposed that a water molecule or a
hydroxide ion might instead abstract the proton from the nucleophile and serve as a
specific base (58). The hydrogen bond between the N1 of G12 and the 2’-NH2 of C17
observed in the present structure has the same directionality as what would be expected
from a “catalytically active” hydrogen bond. However, as a free 2’-NH2 group of an
oligonucleotide has a pKa of ~ 6 (171), at pH 8, the 2’-NH2 group in our crystal structure
is likely unprotonated and not involved in proton transfer.
Consistent with G12 being deprotonated, we observe a potential metal ionbinding site near the Hoogsteen face of G12. Intriguingly, unlike the 2’-deoxy RzB
structure, soaking the crystal in Mn2+ does not produce any anomalous scattering signal
around this site, indicating the absence of Mn2+. Instead, either a partially hydrated Mg2+
ion or a K+ ion may occupy this site, as both ions were present in the crystallization
buffer and could fit into the electron density. This positively charged cation might perturb
the pKa of G12. Alternatively, much like Zn2+ ion could stabilize the minor tautomer of
adenine at position 12, this ion might stabilize a minor tautomeric form of G12.
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3.5.6

Divalent metal stabilizes the scissile phosphate

We observe two Mn2+ ions in the active site of the 2’-NH2 inhibited RzB structure. The
first one is the “A9/G10.1” Mn2+. Biochemically, this metal was shown to directly interact
with the pro-Rp oxygen of the scissile phosphate (56). Structurally, however, the location
of this metal suggests that interaction to the scissile phosphate is indirect. In our 2’-NH2
RzB structure, the “A9/G10.1” Mn2+ is 3.8 Å away from the pro-Rp oxygen of the scissile
phosphate, consistent with indirect interaction. Compared to the Mn2+ ion resolved at the
similar location in the 2’-deoxy RzB structure at pH 8.0, the metal observed here moves
closer to the scissile phosphate (Table 3.3). This is correlated with a slightly shortened
distance between the pro-Rp oxygen of the scissile phosphate and that of the A9
phosphate (Table 3.3). This suggests that the active site is more compact in the 2’-NH2
RzB structure. However, a subtle structural rearrangement is still required to bring this
metal into the “bridging” position, as suggested by the Cd2+-rescue and computational
studies (56,57), in order to neutralize the negative charge created by juxtaposition of the
phosphate groups of A9 and U1.1.
Previous Cd2+-rescue studies showed the hammerhead ribozyme activity was
only slightly impaired by substituting sulfur for the pro-Sp oxygen of the scissile
phosphate; and adding the thiophilic Cd2+ ion did not significantly promote the ribozyme
activity (55,56). The lack of thio effect indicates that the pro-Sp oxygen is not a direct
ligand for metal. Quite unexpectedly, we observe a prominent Mn2+ binding site (> 5 σ)
near the pro-Sp oxygen of the scissile phosphate in the 2’-NH2 RzB structure. This metal
interacts directly with the scissile phosphate, suggesting a possible role in transition
state stabilization. Is this metal ion-binding site native to the hammerhead ribozyme or is
it simply a crystallization artifact? The “pro-Sp” Mn2+ ion is 3.8 Å away from the
substituted 2’-NH2 group of C17. One possibility is that the Mn2+ ion is recruited to the
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scissile phosphate through a water-mediated interaction with the 2’-NH2 group. In the
presence of the 2’-OH nucleophile, the coordination pattern might be different so that the
interaction between the Mn2+ and the pro-Sp oxygen would become indirect. If this
scenario is true, then the Mn2+ observed here plays a structural role (as opposed to a
catalytic role) in organizing the cleavage site and stabilizes the scissile phosphate
through indirect electrostatic interactions.
It also remains unclear why the Mn2+ ion observed in the Hoogsteen face of G12
in the pH 8.0 deoxy RzB structure disappeared in the pH 8.0 2’-NH2 RzB structure. One
model is that the previously observed Mn2+ at G12 site migrated to the scissile
phosphate. Determining the crystal structure of a 2’-NH2 modified G12A mutant
ribozyme may help test this model. As the G12A mutation impairs the binding of a
divalent metal ion, if the G12 metal also coordinates to the scissile phosphate, as we
proposed, we expect that the metal ion bound to the pro-Sp oxygen to be lost upon the
introduction of the G12A mutation.

3.5.7

The 2’-OH of G8 plays a structural role

Crystal structure and biochemical data both indicate the importance of the 2’-OH of G8
in hammerhead ribozyme catalysis (59,172). However, none of these data provides
definitive evidence in support of the 2’-OH acting as a general acid. We observe here
that the interaction between the 2’-OH of G8 and the 5’-O leaving group of U1.1 is
affected by the pH. Based on the pH-rate profile, the hammerhead ribozyme is more
active at higher pH. However, as pH increases from 5.0 to 8.0, the 2’-OH of G8 appears
to be moving away from the leaving group and approaching the pro-Rp oxygen of the
scissile phosphate (Table 3.3). The location of the 2’-OH of G8 is consistent with a
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structural role in positioning the scissile phosphate and neutralizing the negative charge
that is being accumulated at the pro-Rp oxygen.
The Mn2+ ion at the A9/G10.1 site may instead stabilize the leaving group using
its hydrogen shell and serve as a specific acid. This model would require a
conformational change in order to position the metal-bound water within the hydrogenbonding distance of the 5’-O leaving group. Alternatively, the Mn2+ ion bound to the proSp oxygen of the scissile phosphate could perform the same task. The distance between
the pro-Sp Mn2+ ion and the 5’-O of U1.1 is 4.2 Å, consistent with water-mediated
interaction. Kinetically, specific acid catalysis mediated by a hydrated metal ion cannot
be distinguished from general acid catalysis mediated by a nucleotide, as both moieties
have a pKa well above the experimentally accessible range. However, the RzB ribozyme
appears to have a bell-shaped pH-rate profile in the presence of Cd2+, whose
microscopic pKa is ~9 (144). This indicates that the acid-base catalysis is dependent on
the identity of the divalent metal that is used to promote the reaction, consistent with
metal-dependent specific acid catalysis. Two additional pieces of evidence also supports
this model. First, Boots et al showed that the pKa of the hydrated divalent metal ion
inversely correlates with the reaction rate, suggesting that that divalent metal ions may
contribute to the reaction chemistry (157). Second, Thomas and Perrin showed that by
replacing the 5’-O with a hyperactive 5’-S leaving group; the activity of the hammerhead
ribozyme becomes independent of the divalent metal ion (172). This indicates that
divalent metal ions may be involved, directly or indirectly, in stabilizing the 5’-O leaving
group in the WT ribozyme.
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3.6

Conclusions

Over 25 years after the discovery of the hammerhed ribozyme, we still don’t fully
understand how the hammerhead ribozyme performs its cleavage reaction. Most of the
known small nucleolytic ribozymes appear to be largely pre-ordered for catalysis. The
hammerhead, however, seems to predominantly exist in an open and precatalytic state,
and its cleavage mechanism appears to involve significant molecular motions. In
addition, there are at least two distinct divalent metal ions involved in the cleavage
reaction. One, near G10.1 is well characterized and predicted biochemically to interact
directly with the cleavage site and likely participates in the cleavage reaction. The
second, observed here to be near G12, is predicted to be important for organization of
the active site as proceeds through the cleavage reaction and likely tunes the pKa of G12.
Our studies of the G12A mutant demonstrate that rare nucleobase tautomers
may play key roles in ribozyme reaction mechanisms. While we are observing this
phenomenon in a mutant ribozyme, native, wild-type ribozymes could also use this
mechanism. Tautomeric species may also be key intermediates in and facilitate
nucleobase protonation/deprotonation reactions in the nucleolytic ribozymes (173).
Interpretation of pH-dependence is often complicated due to the principle of kinetic
equivalence, in which different reaction mechanisms can give rise to the same pH-rate
profile. Kinetic equivalence makes it difficult to unambiguously identify the general acid
and general base in enzymatic reactions. Tautomerization of nucleobases has the
potential to add further complexity to such interpretation as seen here, where mutations
and substitutions of the general base do not result in the predictable changes in the pHrate profile of the hammerhead ribozyme. Many of the small nucleolytic ribozymes,
including the hairpin, glmS, VS and twister ribozymes, employ conserved guanosine
nucleotides that are well positioned to serve as proton donors and acceptors. Formation
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of tautomeric species, and the accompanying changes in pKa, has the potential to
complicate analysis of these ribozyme reactions. Thus, we still have much to learn about
the mechanisms by which ribozymes can catalyze chemical reactions under biological
conditions.
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CHAPTER 4. OVERVIEW OF STRUCTURE AND FUNCTION STUDIES OF SMALL
SELF-CLEAVING RIBOZYMES

Of the six characterized small self-cleaving ribozymes, the HDV and the hammerhead
appear to be the only two that use divalent metal ions to facilitate self-cleavage (Figure
4A and B). However, unlike RNase P or the self-splicing introns, the HDV and the
hammerhead ribozymes are not obligate metalloenzymes. Nucleobases are critically
important and likely directly participate in the chemical step of the cleavage reaction.
This characteristic ties the HDV and the hammerhead ribozymes with the other selfcleaving ribozymes. This chapter summarizes the structure and chemical mechanisms of
all other self-cleaving ribozymes for which high-resolution structures are available.

4.1

The hairpin ribozyme

The hairpin ribozyme was discovered, along with the hammerhead ribozyme, from the
satellite RNA of tobacco ring spot virus (28,29). Unlike the hammerhead, which is quite
widespread in nature, there are only three examples of hairpin ribozymes in nature (30).
All hairpin representatives are found in the antigenomic strand of satellite RNAs in plant
viruses.
The minimal version of hairpin ribozyme is composed of two helical domains:
domain A and domain B (174). Each domain has an internal loop that harbors several
catalytically important nucleotides. The active site is constructed by the docking of
domain A and domain B. Two additional domains, domain C and domain D, are needed
to generate the full-length natural form of the hairpin ribozyme. The four helical domains

123
intersect to create a four-way junction (174). Similar to the loop/bulge tertiary interaction
found in the full-length hammerhead ribozyme, the four-way junction is not required for
catalysis, however, it enhances the folding of the hairpin ribozyme under low Mg2+
concentration (175).
Crystal structures of both minimal and full-length hairpin ribozymes have been
determined (81,176-178). These crystal structures capture the hairpin ribozyme at
precleaved, postcleaved, and intermediate states. These crystal structures reveal that
the active site of the ribozyme is pre-organized and remains largely static along the
reaction coordinate. In the vanadate-bound intermediate state structure, which closely
resembles the transition state, several conserved nucleotides are found in the vicinity of
the cleavage site dinucleotide A-1 and G+1 (Figure 4C) (176). The N1 of G8 interacts
with the 2’-oxygen of A-1, the nucleophile in the cleavage reaction. The N1 of A38
interacts with the 5’-oxygen of G+1, the leaving group in the cleavage reaction. The
positions of these functional groups in the active are consistent with general acid-base
catalysis. Here, G8 is proposed to serve as the general base, while A38 is proposed to
serve as the general acid in the cleavage reaction. In addition, the exocyclic N6 amines
of A9 and A38 interact with the pro-Rp oxygen of the scissile phosphate, while the
exocyclic N2 amine of G8 interacts with the pro-Sp oxygen of the scissile phosphate
(Figure 4C). This suggests that transition state stabilization mediated by the active site
nucleobases is used to lower the activation energy and to promote the phosphodiester
bond cleavage.
The pH-dependence of reaction rates of the hairpin ribozyme agrees well with
the structural data. Reaction rates of the WT hairpin ribozyme increase with pH up to
approximately pH 7 (179). At higher pH, the reaction becomes pH-insensitive. Upon
substitution of G8 with guanosine analogs, 2,6-diaminopurine or 2-aminopurine, whose
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pKa values are markedly lowered from guanosine, the pH-rate profile becomes bellshaped (179). This suggests the involvement of two ionizable groups. Lilley and
colleagues further tested this mechanism by replacing the 5’-oxygen of G+1 with sulfur
(5’-PS) (180). 5’-sulfur is a hyperactive leaving group that does not require protonation
by the general acid and was previously used to test the role of C75 in the HDV ribozyme
catalysis (155). The labile 5’-PS linkage is expected to suppress the deleterious mutation
on the general acid. The greatest suppression occurred at position 38, where the original
adenosine A38 was mutated to a purine (P). The 5’-PS substitution rescued the
disruptive A38P mutation by 3600-fold (180). This result suggests that A38 acts as a
general acid in the cleavage reaction, and therefore G8 must act as a general base.
Unlike in the HDV and the hammerhead ribozymes, Mg2+ ions only play a structural role
in the hairpin ribozyme. In support of this, the ribozyme reaction is fully active in
monovalent cations (45). More importantly, the exchanged inert cobalt hexammine does
not inhibit hairpin ribozyme activity. Overall, the hairpin ribozyme appears to rely on the
active site nucleobases for efficient general acid-base catalysis.

4.2

The VS ribozyme

The VS ribozyme is the largest known natural self-cleaving ribozyme (34). Early
mutagenesis and chemical modification studies suggest that the VS ribozyme, in its
minimally active form, contains six helical domains, namely domain 1 through domain 6
(181-183). The cleavage site is embedded in domain 1 (hence, the substrate domain).
Similar to other self-cleaving ribozymes, the substrate domain can be separated from the
rest of the RNA molecule. The five non-substrate helical domains (i.e. domain 2 through
domain 6) are organized into two three-way junctions (181). Junction 2-3-6 is connected
to junction 3-4-5 via domain 3, which serves as a connector helix. The crystal structure
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of the VS ribozyme was not available until very recently. Therefore, structural details
regarding how these domains are arranged and how the substrate is recognized had
been largely unclear. Nevertheless, based on early low resolution structural probing
using site-directed mutagenesis, chemical footprinting, FRET, and small-angle X-ray
scattering (181-184), it was proposed that the substrate helix is docked into domains 2
and 6. The docking is further stabilized by tertiary contacts with the terminal loop of
domain 5.
Similar to the hairpin ribozyme, the VS ribozyme does not require divalent metal
ions for catalysis (45). This implies that the catalytic power of the ribozyme comes from
the chemical property of nucleobases in a folded RNA. In 2002, Hiley et al. used a UV
crosslinking experiment to show that a critical residue, A756, is in the vicinity of the
cleavage site (185). A756 is located at an internal loop of domain 6, which is quite
distant from the cleavage site at the secondary structural level. This study was
accompanied by several biochemical studies testing the importance of A756 in ribozyme
reaction (186-188). Substantial evidence for nucleobase-mediated general acid-base
catalysis in the VS ribozyme emerged in 2007 (189). In search for a catalytic nucleobase
that works together with A756 in the proposed general acid-base catalytic model, Lilley
and coworkers identified G638 at the internal loop of the substrate domain (189). They
substituted several guanine analogs with altered pKas, and measured the pHdependence of the reaction rate. The shape of the pH-rate profile of the VS ribozyme
changed as predicted: based upon the pKa of the substituted nucleobase at position 638.
This suggests that G638 is involved in proton transfer. In order to distinguish the general
acid from the general base, Lilley, Piccirilli and coworkers later used a modified
substrate that incorporated a labile 5’-PS linkage at the cleavage site (190). As was
previously demonstrated in the HDV ribozyme (155), the 5’-PS substitution could
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suppress a deleterious mutation on the putative general acid but not the general base or
other functional groups. Their study showed that the 5’-PS substitution suppressed the
A756G mutation by 3700-fold. In comparison, no significant suppression was observed
for the G638 mutant. In addition, upon the 5’-PS substitution, the reaction rate of the VS
ribozyme displayed a pH-dependence consistent with general base catalysis alone,
which is mediated by the nucleobase at position 638. This result strongly suggests that
the VS ribozyme uses A756 and G638 as the general acid and general base,
respectively, to promote the phosphodiester bond cleavage.
In 2015, Piccirilli and co-workers determined the crystal structure of a full-length
cis-acting VS ribozyme (191). The crystallization construct contains a single piece of
unmodified VS RNA. An auxiliary domain, namely domain 7, which is not required for the
cleavage reaction but may play a role in the ligation reaction (192), was included in this
construct. To capture the precleaved conformation, the catalytically essential G638 or
A756 was mutated to A638 or G756, respectively. Quite unexpectedly, the VS ribozyme
functions as a domain swapped dimer. Junction 1-2-7 orients the substrate domain in
such a way that it points the substrate helix away from the ribozyme core. The substrate
helix docks into domain 2 and domain 6 of an adjacent ribozyme molecule that is a
symmetrical protomer. As was proposed previously (184), domain 5 interacts with the
incoming substrate helix through loop/loop tertiary interaction, further contributing to the
stability of docking. The active site of the VS ribozyme is largely consistent with the
catalytic model proposed based on the solution kinetics study. In both G638A and
A756G mutant ribozymes, A756 (G756 in the A756G mutant) lies close to the 5’-O
leaving group so that the N1 of A756 is ~4 Å away from the 5’-oxygen, consistent with its
proposed role as a general acid (Figure 4D) (191). In contrast, the proposed general
base, G638 (A638 in the G638A mutant), is in a precatalytic conformation that would
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require a conformational change in order to interact with the 2’-OH nucleophile. Both
G638A and A756G structures deviate significantly from the ideal in-line geometry that
would allow the Sn2-type nucleophilic attack to occur. No divalent metal ion is resolved in
the active site, suggesting that metal ions are not involved in catalysis. Similar to the
hairpin ribozyme, the exocyclic N6 amine of the proposed general base G638 interacts
with the scissile phosphate, suggesting a role in transition state stabilization (Figure 4D).
Overall, the crystal structure of the precatalytic VS ribozyme supports the proposed
general acid-base catalytic mechanism.

4.3

The glmS ribozyme

As mentioned in Chapter 1, it was once thought that self-cleaving ribozymes function
exclusively in subviral pathogens. This paradigm was dramatically changed by the
discovery of gene regulatory glmS ribozymes in multiple gram-positive bacterial species,
which demonstrates that self-cleaving ribozymes are not only remnants of the RNA
world, but could play crucial biological roles in contemporary organisms (24). The glmS
ribozyme regulates the glmS gene through a negative feedback mechanism. The glmS
gene encodes for glutamine-fructose-6-phosphate amidotransferase, which synthesizes
the small molecule metabolite GlcN6P (24). GlcN6P is necessary for cell wall
biosynthesis (24). Similar to a classic riboswitch, the glmS ribozyme is found in the 5’UTR and specifically recognizes the metabolite produced by the gene. However, the
glmS ribozyme has two characteristics that appear to be distinct from other riboswitches.
First, the glmS ribozyme undergoes self-cleavage upon the binding of GlcN6P, which
induces mRNA degradation by RNase J1 (44). Second, biochemical characterizations
indicate that GlcN6P not only serves as an effector but functions as a coenzyme (193).
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Crystal structures of the glmS ribozyme were obtained in both GlcN6P-bound
and unbound forms (194-196). Similar to the HDV ribozyme, the glmS ribozyme adopts
a doubly pseudoknotted overall fold. However, it was shown by crystal structures, along
with chemical footprinting experiments, that there is no global conformational change
upon ligand binding, which is unusual for a riboswitch (194,197). Instead, the binding
pocket for GlcN6P is largely pre-organized and importantly, GlcN6P is an integral part of
the active site. In the GlcN6P-bound glmS ribozyme trapped in the precleaved state, the
cleavage dinucleotide is splayed apart and adopts a near in-line geometry (Figure 4E)
(195). Both the sugar and the phosphate moieties of GlcN6P are recognized by the
ribozyme through hydrogen bonding interactions, which largely explains how the
ribozyme discriminates against closely related GlcN6P analogs. Importantly, GlcN6P is
positioned near the scissile phosphate and makes two critical hydrogen bonds with the
substrate (Figure 4E). The C1-OH and C2-amine interact with the pro-Rp nonbridging
oxygen of the scissile phosphate and the 5’-O leaving group, respectively (Figure 4E).
This suggests the C1-OH and C2-amine groups of GlcN6P may be involved in general
acid-base catalysis and transition state stabilization, respectively. Consistent with this
proposal, basal ribozyme activity was observed in the presence of ethanolamine, a
minimal cofactor that contains only C1-OH and C2-amine (193). In comparison,
ribozyme activity was abolished in the presence of ammonium or ethanol alone (193).
Glucose-6-phosphate, which mimics the structure of GlcN6P but lacks the critical C2amine, was shown to be a competitive inhibitor (193). GlcN6P is not the only candidate
for general acid/base. In the precleaved glmS ribozyme, a conserved nucleobase, G33
(or G40 in different ribozyme constructs) is observed to donate a hydrogen bond to the
methylated 2’-O nucleophile (Figure 4E) (195). In addition, the exocyclic amine of G33 is
involved in stabilizing the pro-Sp oxygen of the scissile phosphate (Figure 4E). This
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suggests that similar to the hairpin ribozyme and the VS ribozyme, the glmS ribozyme
may also use an active site guanine to promote catalysis through deprotonation of the
nucleophile as well as transition state stabilization. This proposal is further supported by
the requirement of G33 for self-cleavage (196). Similar to the hairpin ribozyme, the glmS
ribozyme retains a significant amount of activity in the presence of high concentrations of
monovalent cations. The exchange-inert cobalt hexammine appears to be non-inhibitory
to the ribozyme reaction (47). This suggests that divalent metal ions only play a
structural role in the glmS ribozyme.
Further evidence in support of the general acid-base catalytic model comes from
detailed pH-rate analysis by Fedor and co-workers (198). Reaction rates of the glmS
ribozyme increase steadily with pH until ~pH 8, suggesting a single ionization event. The
apparent pKa values obtained from the pH-rate profile appear to positively correlate with
the intrinsic acidity of a series of cofactors, which include GlcN6P and several
compatible analogs (198). This suggests that GlcN6P is involved in proton transfer to
promote general acid-base catalysis. However, the pH-rate profile does not appear to
reflect the protonation state of the nucleobase at position 33, arguing against the
proposed role of G33 as a general base (84).
In summary, the identification of the glmS ribozyme from a bacterial metabolic
gene significantly broadens the biological function of small self-cleaving ribozymes.
Despite its distinct function, general acid-base catalysis is used by the glmS ribozyme to
promote self-cleavage.

4.4

The twister ribozyme

The twister ribozyme is the first self-cleaving ribozyme class to be initially identified using
bioinformatics (15). Similar to the HDV and the hammerhead ribozymes, twister
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ribozyme motifs are widespread in bacteria and eukaryotes. It appears that twister
ribozymes are often found under the same genetic context as the hammerhead
ribozyme. This indicates that the biological function of these two ribozymes might be
closely related. The secondary structure of the twister ribozyme is more similar to the
HDV or the glmS ribozyme, where it is predicted to form a double pseudoknot (15). Five
distinct helical domains, P1 through P5, are found in the twister ribozymes. However,
only four helical domains (excluding either P3 or P5) are used for one particular twister
construct. Twister ribozymes are found to exist in three different circularly permuted
isoforms, with the terminal base pair harbored in P1 (P1-form), P3 (P3-form) or P5 (P5form) domain. Despite these topological differences, all twister ribozymes currently
identified share ten highly conserved nucleotides and the cleavage site is always found
preceding a conserved adenosine located at the internal bulge connecting the 5’-side of
P1 and P2 helices (15).
Several representatives of the twister ribozyme are shown to self-cleave both in
vitro and in vivo (15). Initial biochemical characterizations indicate that the twister
ribozyme self-cleaves via a metal-independent mechanism. The ribozyme retains
modest self-cleavage activity in a variety of monovalent cations and importantly, the
exchange of inert cobalt hexammine does not appear to significantly inhibit ribozyme
activity (15). Crystal structures of the P1-form twister ribozyme trapped in the precleaved
state by 2’-deoxy substitution at the cleavage site were determined in 2014 (199-201).
Consistent with the phylogenetic and mutagenesis data, some of the highly conserved
nucleotides appear to be in the proximity of the catalytic core, suggesting their potential
relevance in the ribozyme self-cleavage. The rest of the conserved nucleotides may play
structural roles in stabilizing the ribozyme fold. Importantly, all of the available crystal
structures identified a guanine residue (G45 in the Oryza sativa twister construct and
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G48 in the env22 twister construct) near the scissile phosphate (Figure 4F).
Unfortunately, crystal structures of the twister ribozyme do not capture a precleaved
conformation that is most relevant to catalysis. Significant conformational change is
required to bring the cleavage site dinucleotide into a near in-line geometry (48). Using a
P3-form ribozyme, Lilley and co-workers showed that the pH-rate profile of the twister
ribozyme changed as predicted based upon the microscopic pKa value of the substituted
base at position 45 (48). This result is in support of the nucleobase-mediated general
acid-base catalysis. Nevertheless, elucidating the catalytic mechanism of this newfound
ribozyme requires further mechanistic studies and high-resolution structures in different
conformational states.

4.5

Summary

As more and more high-resolution structural data and detailed kinetics studies become
available, it becomes apparent that the general acid-base catalysis is a common
strategy used by all self-cleaving ribozymes. Although subtle mechanistic variations do
exist, for example, the involvement of metal ions in catalysis, their similarities
nonetheless suggest an emerging theme of nucleobase-directed RNA catalysis. This is
remarkable because nucleobases were once considered catalytically inert, and all other
naturally occurring ribozymes appear to exploit the scaffolding capability of RNA, using
substrate positioning and metal ion coordination to promote catalysis.
While we attempt to organize a unified theme, we must also consider the
differences. There is currently no phylogenetic tree for any characterized self-cleaving
ribozyme, and many motifs are found in the genomes of evolutionarily distant organisms
(25,26,41,43). In addition, it appears that genetic contexts of self-cleaving ribozymes are
incredibly diverse. Moreover, although pseudoknots and multiple helical junctions are
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common, the topology and the overall fold of each self-cleaving ribozyme do not seem to
resemble each other. The lack of conservation in both evolution and structure is
consistent with convergent evolution. If there are multiple independently evolved selfcleaving ribozymes, are they underrepresented by our current data? Are there more
variations in their catalytic strategies? The answers are most likely true. Using
bioinformatics and high throughput sequencing, we are witnessing a vast expansion of
self-cleaving ribozymes in recent years. Just in the last few months, three new classes
were identified (16). It is conceivable that the catalytic mechanisms these novel
ribozymes utilize will soon be unveiled by high-resolution structures and mechanistic
studies. Compared with our increasing knowledge of the chemistry of self-cleaving
ribozymes, our understanding of their biological function is still at a rudimentary stage.
Not much progress was made after the discovery of the glmS ribozyme. Importantly, as
we have learned from the glmS ribozyme and numerous riboswiches, small molecule
cofactors are typically involved in regulating the function of these small non-coding RNA
elements. In larger ribozymes, such as the RNase P, protein chaperones are
indispensible for in vivo functions. Therefore, to understand the biological relevance of
self-cleaving ribozymes, we not only need to keep searching the genomes, but must
study how their functions are regulated in cellular life.
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Figure 4.1. Active site structures of small self-cleaving ribozymes.
A. The HDV ribozyme (PDB 3NKB). Note that the cleavage dinucleotide was modeled
based on the structure of the S. mansoni hammerhead ribozyme (59). B. The
hammerhead ribozyme (PDB 5DI2). C. The hairpin ribozyme (PDB id 1M5O). D. The VS
ribozyme (PDB 4R4P). E. The glmS ribozyme (PDB 2NZ4). F. The twister ribozyme
(4RGF). Putative catalytic functional groups are shown in green and labeled, while the
cleavage site nucleotides are shown in magenta and labeled. Critical hydrogen-bonding
interactions are represented as black dashed lines, while potential interactions are
represented as red dashed lines. Mg2+ and Mn2+ ions are shown as green and magenta
spheres, respectively. Water molecules are shown as red spheres.
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CHAPTER 5. ENGINEERING A RIBOZYME WITH TRNA SYNTHETASE ACTIVITY

5.1

Introduction

Protein engineering has enormously expanded our understanding of biophysical
properties as well as the cellular functions of proteins. Nowadays, using commercially
available kits, a protein sequence can be easily manipulated. However, despite being
relatively simple, these techniques only apply to the twenty natural amino acids that are
present in the cell. Expanding the chemical diversity of proteins beyond the twenty
natural amino acids is both interesting and important, because it can potentially generate
proteins with novel functionalities (202,203). The unnatural amino acid can serve to
optimize protein therapeutics, probe enzyme mechanism, and localize proteins within
cells, amongst other applications (204-207).
A common method to introduce an unnatural amino acid into living cells is by
employing a reprogrammed genetic code, typically by using an amber stop codon (203).
Instead of signaling translational termination, the amber stop codon encodes the
unnatural amino acid of interest. A tRNA is designed to recognize the amber stop codon.
This leads to amber suppression, which allows the ribosome to read through the stop
codon and site-specifically introduces the unnatural amino acid into the protein.
In order to charge the amber suppressor tRNA with the desired unnatural amino
acid substrate, an aminoacyl-tRNA synthetase needs to be engineered to recognize both
the amber suppressor tRNA and the desired amino acid substrate (203). The engineered
tRNA synthetase must discriminate against all tRNA and natural amino acid substrates
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normally present in the cell. Such an orthogonal tRNA synthetase has typically been
generated using archaeal proteins that, when introduced into prokaryotes such as E. coli,
will only bind and charge their archaeal tRNA partner (203,208). As proteins normally
have exquisite specificity for their substrates, this characteristic can significantly limit the
chemical diversity of the unnatural amino acid. Typically, the engineered tRNA
synthetase only recognizes an unnatural amino acid that is closely related to the original
native natural amino acid substrate (203,208). In addition, while this methodology has
been successful in prokaryotic and in vitro translation systems, a robust mechanism to
introduce unnatural amino acids into eukaryotes has yet to be established (209). We
therefore sought to build a ribozyme that was capable of discriminating between tRNA
molecules and charging a cognate tRNA with an unnatural amino acid.
We started with the flexizyme, an artificial ribozyme that catalyzes the
aminoacylation of tRNA with a chemically synthesized amino acid substrate (69).
Because flexizymes mischarge diverse tRNA molecules with a wide variety of unnatural
amino acid substrates, they have been used in many genetic reprogramming
applications in vitro (69-71). Currently, there are three different flexizyme constructs,
which include the enhanced flexizyme (eFx), the amino-flexizyme (aFx) and the dinitroflexizyme (dFx). A specific construct is used dependent upon the side chain of the amino
acid substrate being incorporated (69). Among the three different constructs, eFx or aFx
is used on occasions where the amino acid side chain is aromatic or hydrophobic,
respectively. In particular, eFx reacts most efficiently with an aromatic amino acid
substrate that is activated by a 4-chlorobenzyl thioester (CME) leaving group; aFx is
more often used with water insoluble amino acid substrates, such as those carrying a
bulky hydrophobic functional group, and the substrate must be activated by a hydrophilic
(2-aminoethyl)-amidocarboxybenzyl thioester (ABT) leaving group. Compared to eFx
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and aFx, dinitro-flexizyme (dFx) is considered as a more versatile and generic choice for
genetic code reprogramming (69,71). In theory, dFx recognizes various amino acid
substrates, regardless of the side chains. This is because the amino acid substrate that
dFx recognizes is activated by a 3, 5-dinitrobenzyl ester (DBE) leaving group. This
unique DBE group serves as a major recognition element for dFx-mediated
aminoacylation. Instead of recognizing the amino acid side chain, dFx is expected to
recognize the DBE group that is ubiquitously present by design. In practice, dFx was
shown to aminoacylate seventeen out of twenty DBE-activated natural amino acid
substrates as well as a wide array of unnatural substrates (70). This suggests that the
activity of dFx is, in general, not restricted by the functional group of the amino acid
substrate. Although all three flexizyme constructs have proven useful in reprogramming
the genetic code and generating unnatural peptides, it remains to be seen whether or
not some of these peptides can indeed improve our understanding of protein function as
well as facilitate drug discovery (72).
Perhaps the biggest advantage of the flexizyme-based tRNA aminoacylation
method over the conventional aminoacyl-tRNA synthetase engineering method is that
the former does not require random mutagenesis of the enzyme (or ribozyme) for every
unnatural amino acid substrate that is being incorporated into the protein. This
significantly reduces the experimental time for an untested unnatural amino acid
substrate. In addition, because of the extraordinary substrate versatility, flexizymes
significantly expand the choice of unnatural substrates for genetic code reprogramming.
However, one major problem for flexizymes is that they only bind and act on the CCA tail
at the 3’-terminus of the tRNA substrate (69). Although the CCA tail is important for
recognition, it is present in all tRNA molecules and therefore does not serve as a unique
identity element. In contrast, a typical protein tRNA synthetase, such as the glutaminyl
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aminoacyl tRNA synthetase, recognizes both the CCA tail and the anticodon of the tRNA
(210). This recognition mechanism provides the tRNA synthetase with specificity with
regard to the tRNA molecule, allowing the tRNA synthetase to specifically recognize a
cognate tRNA and discriminate against all other tRNAs in living cells. In order to site
specifically incorporate an amino acid substrate into living cells, the flexizyme must be
reengineered to mimic the recognition mechanism of a typical protein tRNA synthetase,
so that it is capable of specifically recognizing a cognate tRNA, such as the amber
suppressor tRNA. Therefore, in this study we perform ribozyme engineering by adding a
tRNA recognition domain to the flexizyme. Our goal for this project is that the engineered
flexizyme not only binds the CCA tail, as demonstrated by the previous study (211), but
also recognizes the anticodon of the tRNA.
There exists a natural tRNA recognition element that is entirely composed of
ribonucleotides. T-box RNAs are naturally occurring riboswitches found in Gram-positive
bacteria that can recognize a cognate tRNA through interaction with the anticodon loop
using a 3-nucleotide sequence called the specifier (212-214). If the cognate tRNA is
charged with an amino acid substrate, the acceptor stem of that tRNA will not interact
with the expression platform of the T-box. The expression platform of the T-box will form
a stable structure termed a terminator, which turns off transcription (214). The gene that
is being turned off by T-box usually encodes for the aminoacyl tRNA synthetase
responsible for charging the cognate tRNA. By producing less tRNA synthetase, the
aminoacylation level for the cognate tRNA is reduced. If the cognate tRNA is uncharged
(i.e. low aminoacylation level), however, the acceptor stem of the tRNA will interact with
the expression platform of the T-box, and promote the formation of an alternative
structure termed an antiterminator. The antiterminator allows the RNA polymerase to
read through the termination site and turns on the expression of the synthetase gene.
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Eventually, the aminoacylation level of the cognate tRNA is enhanced. By using this
feedback regulation mechanism, the T-box riboswitch regulates amino acid metabolism
in Gram-positive bacteria (212,214).
The T-box riboswitch uses a conserved stem I domain and an antiterminator
domain for tRNA recognition. Stem I harbors the crucial specifier sequence that binds
the anticodon, while the antiterminator is involved in recognition of the tRNA CCA-tail
(212,214). In addition, the T-box riboswitch uses a variable region to separate stem I and
the antiterminator. This variable region typically includes three stem loop domains,
namely, stem II, stem IIA/B and stem III. However, there is a special case for the
tRNAGlyGCC-specific glyQS T-box, where it only has stem III but not stem II and stem
IIA/B in the variable region and its stem III is relatively short (215). Due to the relatively
minimal structure, the glyQS T-box has been used as the model T-box RNA for
structural and biochemical characterizations (215-219). In those studies, it was shown
that although the antiterminator domain is required for “riboswitching”, it is dispensable
for binding of the cognate tRNAGly because the major binding elements for tRNA are
located within the stem I domain (215-219).
Here, we create a novel artificial ribozyme named STARzyme (specific tRNA
aminoacylating ribozyme) by fusing an antiterminator-deleted glyQS T-box RNA to a
catalytic module based on the flexizyme. The antiterminator-deleted glyQS T-box serves
as a tRNA-recognition module, while the fused flexizyme performs the aminoacylation
reaction on the bound tRNA. Creating a ribozyme that can both recognize the anticodon
of the tRNA and perform a chemical reaction at the acceptor stem requires the correct
orientation of the T-box riboswitch module with respect to the flexizyme module. Through
several iterative rounds of design, we demonstrate that through circular permutation of
the flexizyme, optimization of the linker length and optimization of the length of the
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connector helix we can generate a ribozyme that exhibits significant specificity for a
cognate tRNA.
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5.2
5.2.1

Methods and materials

RNA sample preparation

DNA oligos for PCR reactions were ordered from IDT. DNA templates for ribozymes and
tRNAs were inserted into pUC19 between the XbaI and HindIII restriction sites. RNA
samples were made by in vitro transcription, and were purified by urea denaturing gel
electrophoresis as previously described (See Materials and methods in Chapter 2).

5.2.2

In vitro gel shift assays

tRNA, the antiterminator-deleted glyQS T-box RNA and STARzyme samples were
diluted into 10 µM stocks in 50 mM HEPES-KOH (pH 7.5) and 100 mM KCl. To refold,
RNA samples were heated separately at 95°C for 2 min, and slowly cooled to room
temperature over 10 min, Then, 10 mM of MgCl2 was added to the sample followed by
an additional 5-min incubation at room temperature. 0, 1, 3 or 6 µM of the refolded T-box
RNA or STARzyme were mixed with 1 µM of refolded tRNA samples in the presence of
50 mM HEPES-KOH pH 7.5, 100 mM KCl and 10 mM MgCl2. The 20-µL binding
reactions were incubated at room temperature for 30-60 min followed by the addition of
5 µL 50% glycerol. 5 µL of the samples (out of 25 µL) were then loaded onto a 6% native
polyacrylamide gel (0.5x Tris/borate/EDTA buffer, 5 mM MgCl2). The gel was run at 4°C
at 10 W for 1.5 hour. The gel was stained with Stains-all (Sigma) overnight at 4°C. Gel
images were obtained using Bio-Rad ChemiDoc XRS+.

5.2.3

Single turnover kinetics

10 µM of ribozyme and 2 µM of tRNA sample were heated separately at 95°C for 2 min
in a buffer containing 50 mM pH 7.5 HEPES-KOH and 100 mM KCl. Samples were
slowly cooled to room temperature over 10 min. 20 mM MgCl2 was then added to each
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sample, followed by ~10 min incubation at room temperature. The ribozyme was then
mixed with tRNA and the reaction solution was incubated at room temperature for 1 h.
Reaction solution was then incubated at 4°C for 10 min. To start the reaction, 25 mM of
DBE-activated alkynyl amino acid substrate stock solution (dissolved in DMSO) was
added to the reaction tube to achieve a final concentration of 5 mM (the substrate was
synthesized by Gerald Manuel at The University of California, Irvine). The final
concentration for DMSO in the reaction was 20%. At each time point, 2 µL (out of 20 µL
total reaction volume) of the reaction aliquot was removed and quenched with 8 µL of
acid loading dye that contains 100 mM sodium acetate pH 5.2, 7 M urea, 0.05%
bromophenol blue and 10 mM EDTA. Reaction products were resolved by 8% acidic
denaturing (7 M urea) gel buffered with 100mM sodium acetate pH 5.2. The gel was
stained with SYBR Green II (Life technologies). Fluorescent signal was detected using
Typhoon FLA 9500 (GE Healthcare), and the intensity of fluorescence over time was
measured using ImageQuant TL (GE Healthcare). Rate constants were obtained by
fitting the fraction of aminoacylated tRNA versus time using the single-exponential
equation (Synergy KaleidaGraph V4.1):
𝑓! = 𝑓! + (𝑓!"# − 𝑓! )(1 − 𝑒 !!!"# ! )

(1)

where 𝑓! is the fraction of tRNA charged at time t, 𝑓! is the fraction of tRNA charged at
time zero that corrects for the background noise due to insufficient separation between
the charged and uncharged tRNA (see Figure 4.2 for detail), 𝑓!"# is the fraction of tRNA
charged at infinite time and was used in this paper to represent maximal aminoacylation
yield, 𝑘!"# is the first-order rate constant.
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5.2.4

Confirm the tRNA aminoacylation product

20-µL aminoacylation reactions were prepared using the protocol as described above.
tRNAGlyGCC U73A mutant was chosen as the tRNA substrate. Reactions were incubated
at 4°C for ~6 hours (dFx) or ~24 hours (starzyme) to achieve maximal aminoacylation
yield. After the incubation, 40-µL of 0.3 M pH 5.2 sodium acetate was added to the 20µL reaction followed by the addition of 100-µL of room temperature ethanol. RNA
samples were spun down by centrifugation at 4°C for 25 min at 13200 rpm. The
supernatant solution was carefully removed without disturbing the precipitated pellet.
The pellet was washed twice with 20-µL of 70% ethanol that contains 0.1 M NaCl,
followed by brief centrifugation. Copper-catalyzed click reactions were performed using a
Click-iT Plus Alexa Fluor 488 Picolyl Azide Toolkit (ThermoFisher Scientific). Briefly, a
500-µL reaction cocktail was prepared following the manufacture’s protocol. The 500-µL
cocktail contains 5 µM of Alexa Fluor 488 picolyl azide and 10-µL of copper protectant.
No CuSO4 was added to the cocktail to minimize RNA degradation. To label the tRNA
carrying the alkyne-containing amino acid with the Alexa Fluor 488-tagged picolyl azide,
the precipitated RNA pellet was dissolved in 20 µL of the reaction cocktail. The click
reaction was incubated in dark for 30 min. In order to remove the “unclicked” azide, the
20-µL click reaction was diluted into 500-µL by adding 480-µL of 100 mM sodium
acetate at pH 5.2. The 500-µL solution was then concentrated to ~20-µL by using an
Amicon Ultra centrifugal filter unit with a 10K NMWL cutoff. The process was then
repeated once to further remove any residual azide. The click reaction sample was then
mixed with equal volume of colorless acid loading buffer that contains 100 mM sodium
acetate pH 5.2, 7 M urea, 0.05% and 10 mM EDTA. Gel electrophoresis was performed
as described in the above section. To analyze the click reaction product, unstained gels
were scanned using Typhoon FLA 9500 (GE Healthcare).
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5.3
5.3.1

Results

Creating a structural model for ribozyme engineering

To engineer a ribozyme with tRNA-synthetase activity, we started with the dinitroflexizyme (dFx), an artificial ribozyme that accepts a wide variety of nonaromatic amino
acid substrates that are activated by 3, 5-dinitrobenzyl ester (DBE) (69). To create
specificity for a tRNA, we explored the tRNAGlyGCC specific T-box (glyQS T-box) from
Geobacillus kaustophilus (Gkau). This molecule was chosen because it has a relatively
minimal structure, it is thermodynamically stable and the crystal structure is available
(216,218). We created a starting model of our fusion ribozyme using the crystal structure
of the T-box riboswitch bound to a cognate tRNA. We then superposed the acceptor
stem of the bound tRNA with an acceptor stem analog present in the crystal structure of
the Fx3 flexizyme (211). This model, as shown in Figure 5.1, demonstrates that the Tbox riboswitch and the flexizyme should not sterically interfere with each other when
docked to a tRNA and could potentially be used to engineer a ribozyme with tRNAsynthetase activity (Figure 5.1).
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Figure 5.1 Structural model for tRNA recognition by a potential T-box/flexizyme fusion
ribozyme
The structure of glyQS T-box stem I in complex with tRNAGly is displayed based on PDB
entry 4MGN and ref (218), where stem I of glyQS T-box is shown in green and the
bound cognate tRNAGly is shown in orange. The Fx3 flexizyme is shown in blue. The
acceptor stem analog present in the Fx3 structure is superposed onto the acceptor stem
of the tRNAGly molecule bound to the T-box, and is not shown here for simplicity. The
Fx3 structure is displayed based on PDB entry 3CUL and ref (211). Key contacts are
highlighted as follows: the CCA-tail from the tRNA is shown in red, the anticodon is
shown in magenta, and the specifier sequence is shown in cyan. These contacts are
predicted to affect the specificity of the potential T-box/flexizyme fusion ribozyme.
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5.3.2

The flexizyme alone exhibits specificity for the discriminator base of the tRNA

To test the catalytic activity of the dFx with our tRNA substrates, we used an activated
amino acid substrate carrying a “clickable” alkynyl group (Figure 5.2A). Single turnover
kinetic assays were carried out to measure the observed rate constant (kobs) of
aminoacylation reactions on both tRNAGlyGCC and tRNAIleGAU substrates (Figure 5.2B
and C). To achieve the single turnover condition, dFx was in 5-fold excess over the
tRNA substrate. The concentration of the amino acid substrate was kept at 5 mM, which
is expected to saturate the amino acid binding site on dFx (67,68). Concentrations more
than 5 mM may not be practical due to limited solubility of the amino acid substrate
(68,71). The aminoacylation reaction product was confirmed by reacting the charged
tRNA with a fluorophore-tagged azide via click chemistry (Figure 5.3). The sequence
and secondary strucures of tRNA substrates used in this study are shown in Figure 5.4.
dFx charged tRNAGlyGCC with kobs = 0.20 ± 0.04 h-1. In comparison, dFx charged
tRNAIleGAU 3-fold faster with kobs = 0.60 ± 0.080 h-1 (Table 5.1). A previous study showed
that aminoacylation was most productive when the discriminator base at position 73
immediately preceding the CCA-tail of the tRNA was complementary to the 3’-terminal U
of Fx3 (equivalent to U46 in dFx) (68). tRNAIleGAU has discriminator base A and can form
a Watson-Crick base pair with U46 of dFx, while tRNAGlyGCC has discriminator base U
and therefore cannot base pair with U46 (Figure 5.4). To test whether the difference in
reactivity between the two tRNA molecules was due to the difference in the identity of
the discriminator base, a U73A mutation was introduced into tRNAGlyGCC. This mutation
rescued the ribozyme activity (kobs = 0.54 ± 0.082 h-1 for the tRNAGlyGCC U73A mutant
versus kobs = 0.60 ± 0.080 h-1 for tRNAIleGAU, Figure 5.2 and Table 5.1). The 3-fold
difference in kobs values observed here is consistent with the previous study where
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aminoacylation yields were compared between tRNAs having different discriminator
bases (68).
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Figure 5.2 Single turnover kinetics for dFx
A. 3,5-dinitrobenzyl ester (DBE)-activated alkynyl amino acid substrate used in this
study. Note: Gerald Manuel synthesized the 3,5-dinitrobenzyl ester (DBE)-alkynyl amino
acid substrate. B. A representative gel image showing the accumulation of the slowermigrating band (charged tRNAGlyGCC) over time. The gel was stained with SYBR Green II.
C. Reaction progress curves for dFx against tRNAGlyGCC U73A mutant (open square),
tRNAGlyGCC (open diamond) or tRNAIleGAU (open triangle). Note: the fraction of charged
tRNAGlyGCC at time zero was negative, which might be due to background noise caused
by insufficient separation of the reaction product. When the fraction of aminoacylation
was close to zero, carryover of fluorescence from the uncharged tRNA might increase
the background level and affect the background-subtracted band intensity of the charged
tRNA. Error bars stand for standard deviations from three independent experiments.
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Figure 5.3 Identification of the aminoacylation reaction product using click chemistry
A. Aminoacylation assays using dFx. Two sets of experiments in parallel were analyzed
on the same gel. The left half of the gel was stained with SYBR-Green II, while the right
portion of the gel was unstained. The two half gels were reconstituted prior to scanning.
The aminoacylation reaction and click reaction were performed in all lanes as described
in Method and materials, except for intentional omission of the following reaction
components. No dFx: dFx was omitted from the aminoacylation reaction. No alkynyl-aa:
the DBE-activated alkyne-containing amino acid was omitted from the aminoacylation
reaction. No azide: the Alexa Fluor 488 picolyl azide was omitted from the click reaction.
Full rxn: all reaction components were present. Full rxn + centricon: same as “Full rxn”,
except that the reaction sample was allowed to pass through an Amicon Ultra centrifugal
filter unit with a 10K NMWL cutoff. Note that in the SYBR-Green II stained gel, the
putative reaction product, i.e. the charged tRNA, migrates higher upon the addition of
Alexa Fluor 488-tagged picolyl azide. The identity of the “supershifted” band was further
confirmed by detection of Alexa Fluor 488 fluorescence. Upon ultrafiltration, the single
fluorescent band (lane #11) on the right half of the gel comigrates with the “supershifted”
band on the left half of the gel (lane #4 or lane #5). B. Same as panel A except that
STARzyme was used instead of dFx.

Table 5.1 Kinetic parameters for dFx and STARzyme with different poly (A) linkers or connector helix
Ribozyme
construct

-1

-1

-1

fmax,
Gly
tRNA GCC U73A
(cognate)
0.75 ± 0.016

kobs (h ),
Ile
tRNA GAU

fmax,
Ile
tRNA GAU

kobs (h ),
Gly
tRNA GCC

fmax,
Gly
tRNA GCC

dFx

kobs (h ),
Gly
tRNA GCC U73A
(cognate)
0.54 ± 0.082

0.86 ± 0.0099

kobs,cognate
/kobs,
Ile
tRNA GAU
0.90

kobs,cognate
/kobs,
Gly
tRNA GCC
2.7

0.60 ± 0.080

0.80 ± 0.047

0.20 ± 0.041

STAR-A8

0.21 ± 0.015

0.57 ± 0.0077

0.055 ± 0.0032

0.50 ± 0.015

STAR-A8-minus1

0.16 ± 0.0066

0.55 ± 0.0061

0.047 ± 0.0094

0.40 ± 0.044

0.067 ± 0.015

0.50 ± 0.15

3.8

3.1

0.065 ± 0.017

0.44 ± 0.072

3.4

2.5

STAR-A10

0.17 ± 0.048

0.55 ± 0.021

0.090 ± 0.029

0.52 ± 0.13

0.085 ± 0.012

0.45 ± 0.041

1.9

2.0

STAR-A7

0.092 ± 0.015

0.49 ± 0.095

0.026 ± 0.0061

0.46 ± 0.15

0.034 ± 0.0061

0.52 ± 0.057

3.5

2.7

STAR-A8-minus1, which contains an 8-nt poly (A) linker and a connector helix shortened by 1 base pair, was chosen as the
representative STARzyme and was further characterized (Figure 5.7). Parameters reported here represent average values from
three independent measurements. Errors stand for standard deviations.
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Figure 5.4 Sequences and secondary structures of tRNA constructs used in this study
Mutations are highlighted with red boxes. These tRNA constructs were prepared by in
vitro transcription.
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5.3.3

Linear fusion of the T-box and flexizyme interferes with ribozyme activity

We first created a linear fusion ribozyme by connecting the 3’-end of the T-box module
to the 5’-end of dFx module via a 5 to 8-nt poly(A) linker. Secondary structure prediction
by Mfold (220) showed correct folding of both modules (not shown). The fusion ribozyme
was in vitro transcribed and analyzed by aminoacylation assay. We found that although
the ribozyme was catalytically active, it did not distinguish the cognate tRNA from the
noncognate one (data not shown). This suggests that in order to specifically recognize
and aminoacylate a cognate tRNA species, the T-box and the dFx modules need to be
rearranged to generate a different topology.

5.3.4

Design of circular permutated dFx

The three-dimensional model of the fusion ribozyme suggested that a circular
permutation of the flexizyme, linking the 5’- and 3’-ends and opening the P1 loop, might
be a better topology for linking the two modules (Figure 5.1). It was unclear, however,
how to link the 5’- and 3’- ends of dFx because the CCA-binding site is located on a
single-stranded tail at the 3’-end of dFx. Therefore, 8 adenosines were used to link the
5’-end of the parental dFx molecule with the 3’-end containing the CCA-binding site
(Figure 5.5). The 3’-end of the glyQS T-box was connected to the new 5’-end of the
circularly permuted dFx RNA. This fusion ribozyme was named the specific tRNA
aminoacylating ribozyme or STARzyme.
The predicted secondary structure of STARzyme suggests that both the circularly
permutated dFx module and the T-box module fold correctly (Figure 5.5). The overall
topology of STARzyme resembles that of the wild-type (149) glyQS T-box, where the
aptamer domain is connected to a helix (A1 in the glyQS T-box and P1 in STARzyme)
that is then linked to a bulge containing the binding motif for the CCA-tail (Figure 5.5).
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Figure 5.5 Design strategy for STARzyme
A. Circular permutation of dFx. The catalytic core is colored in red. The catalytic core is
used for binding of the DBE-activated amino acid. The P1 loop is removed, which is
indicated with an “x” mark. T-box is connected to the 10th guanosine as indicated. Two
mutations and one insertion are indicated with arrows. These modifications are required
for folding based on Mfold prediction. B and C. Mfold predicted secondary structures of
STAR-A8-minus1 and Gkau glyQS T-box riboswitch, respectively. STAR-A8-minus1 is a
representative STARzyme used for in vitro characterization of tRNA specificity in this
study. Multiple hits were obtained from Mfold; however, only the structure with the lowest
ΔG is shown. Comparison of STAR-A8-minus1 and glyQS T-box suggests that the two
RNA molecules fold into a similar secondary structure. Structural motifs within the
circularly permutated dFx module are labeled and compared to the antiterminator
domain of glyQS T-box. Note: an extra “GAG” trinucleotide was added to the 5’-end of
STARzyme to facilitate in vitro transcription.
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5.3.5

Testing the binding specificity of STARzyme

We first tested whether or not STARzyme could specifically bind the cognate tRNA
(tRNAGlyGCC). STARzyme with an 8-nt poly (A) linker (STAR-A8) was chosen as a
representative. In vitro gel shift assays were carried out using a previously established
protocol for Gkau glyQS T-box riboswitch (216). The Gkau glyQS T-box riboswitch RNA
was used as a positive control. As shown in Figure 5.6, similar to the positive control,
adding up to 6-fold molar excess of STARzyme gradually shifted the cognate tRNAGlyGCC,
thus the band corresponding to the tRNA disappeared as the riboswitch or STARzyme
was added. No new band for the complex of tRNA with the riboswitch or STARzyme can
be observed. It is not clear why we are unable to observe a supershift under these
conditions, however it is possible that the tRNA complex is smeared or co-migrates with
another band. We are able to demonstrate that this effect is specific though as the band
corresponding the noncognate tRNAIleGAU is unchanged upon addition of the riboswitch
or STAR-A8 (Figure 5.6). This suggests that the T-box module embedded in the fusion
construct is functional, where it provides the fusion RNA with tRNA binding specificity.
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Figure 5.6 Testing the binding specificity of STARzyme using in vitro gel shift assay
Upper left: increasing concentration of the antiterminator-deleted glyQS T-box
correlates with decreasing band intensity corresponding to the cognate tRNAGlyGCC.
Upper right: band corresponding to the noncognate tRNAIleGAU does not change
significantly with glyQS T-box. Lower left: band corresponding to the cognate
tRNAGlyGCC becomes less intense as more STARzyme is added to the binding solution.
Lower right: band corresponding to the noncognate tRNAIleGAU does not change
significantly upon the addition of STARzyme.
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5.3.6

Measuring and optimizing the catalytic activity of STARzyme

Next, STARzyme with 7-10 nucleotide linkers, STAR-A7, -A8, and -A10 were analyzed
for catalytic activities in the presence of either cognate or noncognate tRNAs. The
tRNAGlyGCC U73A mutant is considered as cognate, because it can base pair with both
the specifier of T-box and U46 of dFx. The aminoacylation reaction product was
unambiguously verified prior to the kinetics measurement (Figure 5.3B). Among all three
STARzyme constructs tested, STAR-A8 was only 2.6-fold less active than dFx in the
presence of the cognate tRNA (0.21 ± 0.015 h-1 and 0.54 ± 0.082 h-1, respectively).
However, in the presence of the noncognate tRNAIleGAU, STAR-A8 was 11-fold less
active than dFx (0.055 ± 0.0032 h-1 and 0.60 ± 0.0080 h-1, respectively). This led to a
3.8-fold rate difference between the cognate and the noncognate tRNAs (Table 5.1). In
comparison, STAR-A10 only exhibited 1.9-fold rate difference (kobs = 0.17 ± 0.048 h-1 for
the cognate tRNA versus kobs =0.090 ± 0.029 h-1 for tRNAIleGAU). Although STAR-A7
exhibited similar rate difference at 3.5-fold (kobs = 0.092 ± 0.015 h-1 for the cognate tRNA
versus kobs = 0.026 ± 0.0061 h-1 for tRNAIleGAU), the ribozyme lost about 2-fold catalytic
activity (Table 5.1). This result suggests that the externally introduced poly(A) linker
plays a role in determining the catalytic efficiency and specificity. The WT tRNAGlyGCC
was also used for activity analysis. Similar to dFx, STARzyme was 2-to-3-fold less active
with the WT tRNAGlyGCC (Table 5.1). Therefore, STARzyme seems to achieve tRNA
discrimination by recognizing both the anticodon and the discriminator base. However, it
was unclear at this point if the body of tRNA also contributes to the observed specificity.
A comparison of secondary structures of tRNAGly and tRNAIle reveals multiple differences
in the sequence of the tRNA body (apart from their discriminator bases and anticodon
loops), despite that the two tRNA species have similar secondary structures (Figure 5.4).
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Examination of the secondary structure of STARzyme reveals that the P1 stem is
used for connecting the linker and the catalytic core of dFx to the T-box (Figure 5.5). We
speculated that changing the length of P1 stem might improve the interplay between the
ribozyme and the T-box. We found that removing one A-U base pair from P1 stem
(STAR-A8-minus1) reduced the estimated maximal extent of aminoacylation (fmax) for the
noncognate tRNAIleGAU by ~10% without significantly affecting the kobs value (fmax = 40 ±
4.4% compared to fmax = 50 ± 1.5%, Figure 5.7A and Table 5.1). This suggests that the
connector helix P1 may influence folding (See Discussion). Because STAR-A8-minus1
suppresses fmax for the noncognate tRNA, this STARzyme seems to be a better
candidate for future optimization and was therefore used in the subsequent experiment
to further identify the specificity determinants.

5.3.7

Identification of the specificity determinants for STARzyme-mediated
aminoacylation

To test whether or not the difference in kobs values between the cognate tRNA and the
noncognate tRNAIleGAU was due to anticodon binding, two tRNAIle anticodon mutants
were made (Figure 5.4). The first mutant is tRNAIleGCU, which contains a single A-to-C
mutation at position 35. tRNAIleGCU was predicted to form two G-C base pairs and one
GU wobble pair with the specifier trinucleotide GGC. The second mutant is tRNAIleGCC,
where the anticodon sequence has been changed from GAU to GCC. The tRNAIleGCC
mutant was expected to form all three G-C base pairs with the specifier trinucleotide
GGC. We measured single turnover kinetics using these two tRNAIle mutants as
substrates and compared kobs values to those of the noncognate WT tRNAIleGAU and the
cognate tRNAGlyGCC U73A. Compared to the noncognate WT tRNAIleGAU, both tRNAIle
anticodon mutants exhibit faster kinetics with ~2-fold increase in kobs (Figure 5.7B and
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Table 5.2). This result suggests that the anticodon triplet contributes to the observed
aminoacylation activity. However, kobs and fmax of the reaction were still noticeably lower
than those from the cognate tRNAGlyGCC U73A, suggesting that there are recognition
elements outside the anticodon loop that might also affect the aminoacylation activity.
Alternatively, the mutations that we introduced might affect folding of the tRNAIle
molecule.
If the anticodon were indeed a critical specificity determinant for aminoacylation,
then we would expect to see a change of tRNA specificity upon mutation of the specifier,
which presumably binds the anticodon. To test this, we designed a tRNA mutant based
on the body of tRNAGly (Figure 5.4). We mutated the anticodon triplet of tRNAGlyGCC to
GUC, which matches with an aspartate codon, and generated the tRNAGlyGUC mutant.
Reciprocally, we mutated the STARzyme specifier trinucleotide from GGC to GAC
(STARzyme G88A), which is complementary to the anticodon triplet of the tRNAGlyGUC
mutant. In addition, the U73A discriminator base mutation was introduced to this tRNA in
order to maintain the base pair at the binding motif for the CCA-tail. Kinetic assays were
performed to test if the STARzyme G88A specifier mutant is capable of specifically
recognizing tRNAGlyGUC U73A that has an anticodon complementary to the mutated
specifier but not to the WT specifier. In the presence of the original tRNAGlyGCC U73A
construct, STARzyme G88A reacts with a kobs value of 0.088 ± 0.02 and fmax is ~43%
(Figure 5.7C and Table 5.2). Both parameters are significantly lower than those
obtained from the WT STARzyme, suggesting that it is necessary to have perfect
complementarity between the anticodon and the specifier in order to get full
aminoacylation activity. In the presence of the tRNAGlyGUC U73A mutant, however,
STARzyme G88A reacts with a kobs value of 0.14 ± 0.025 and fmax is ~56% (Figure 5.7C
and Table 5.2). Both parameters are the same, within errors, as those obtained from the
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WT STARzyme in the presence of the cognate tRNAGlyGCC U73A construct. This result is
consistent with the activity rescue experiment as shown in Figure 5.7B and suggests
that the catalytic activity of STARzyme depends critically upon the specifier-anticodon
interaction.
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Figure 5.7 Testing the catalytic activity of STARzyme
A. Reaction progress curves for STARzyme (STAR-A8-minus1) against tRNAGlyGCC
U73A (open square), tRNAGlyGCC (open diamond) or tRNAIleGAU mutant (open triangle). B.
Reaction progress curves for STARzyme against tRNAIleGCU (solid diamond) or
tRNAIleGCC mutant (solid triangle). These are tRNAIle mutants with mutations at the
anticodon loop aimed at restoring the base pair interaction with the specifier. In
comparison, the cognate tRNAGlyGCC U73A mutant and the noncognate WT tRNAIleGAU
are also shown with the same symbol as in panel A. C. Reaction progress curves for
STARzyme G88A against tRNAGlyGCC U73A (open square) or tRNAGlyGUC U73A (solid
square). Kinetic parameters obtained from these graphs are summarized in Table 4.1
and 4.2. Error bars stand for standard deviations from three independent experiments.
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Table 5.2 Kinetic parameters for STARzyme with GGC or GAC specifier sequence in the
presence of different tRNA constructs as indicated
Specifier sequence
GGC
GGC
GGC
GGC
GAC

Anticodon

kobs (h-1)

fmax

match

0.16 ± 0.0066

0.55 ± 0.0061

GAU

mismatch

0.047 ± 0.0094

0.40 ± 0.044

GCU

match

0.11 ± 0.041

0.47 ± 0.047

match

0.092 ± 0.025

0.38 ± 0.090

mismatch

0.088 ± 0.022

0.43 ± 0.038

tRNA construct
tRNA

Gly

tRNA

Ile

tRNA

Ile

tRNA

Ile

GCC

GCC
Gly
tRNA GCC

U73A

U73A

Gly

GAC
tRNA GUC U73A match
0.14 ± 0.025
0.56 ± 0.022
Parameters reported here represent average values from three independent
measurements. Errors stand for standard deviations.
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5.4
5.4.1

Discussion

Rational design strategy

The goal of this project is to engineer a ribozyme that can recognize the anticodon of the
tRNA substrate and perform aminoacylation reaction on the CCA-tail in an allosteric
fashion. By interacting with the anticodon, which is considered as an identity element
unique to each tRNA, this engineered ribozyme is expected to specifically recognize a
tRNA substrate. Specificity is critical for future protein engineering applications, because
ideally, the engineered ribozyme should only bind to the tRNA that has a cognate
anticodon sequence in order to avoid cross-reactions with other tRNA molecules.
The T-box riboswitch has been extensively characterized both structurally and
biochemically (214,216-218). Two advantages make T-box riboswitch an excellent
system for engineering. First, the structurally unstable antiterminator can be deleted
without affecting the binding affinity and specificity for the tRNA substrate. In addition,
the remaining domain responsible for binding of the tRNA was shown to tolerate a
variety of mutations without significantly compromising the binding property of tRNA
(216,218,219). This provides us with a tractable system for engineering. Second, both
structural and biochemical data indicate that the primary determinant for tRNA
recognition by T-box is the three base pairs between the specifier and the anticodon
(216,219). This characteristic suggests that it is possible to engineer a ribozyme that
binds tRNA through sequence-specific contacts that involves the anticodon. Structural
modeling further suggests that the T-box and the flexizyme are compatible with each
other when docked into a cognate tRNA substrate (Figure 5.1).
The Gkau glyQS T-box and dFx were used in this study for ribozyme engineering.
Two attempts were made to build the fusion ribozyme. The first attempt was to linearly
fuse the T-box to dFx; however, we observed that the fusion ribozyme charged tRNA
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with the unnatural substrate regardless of the tRNA identity (data not shown). This result
indicates that in contrast to what we anticipated, the aminoacylation reaction was not
dependent upon the specifier–anticodon interaction. The second attempt used a
circularly permutated dFx. Based on the superposed structural model, after being
docked into the tRNA substrate, the P1 stem of the flexizyme is shown to point towards
the T-box module (Figure 5.1). The terminal loop of the P1 stem (termed P1 loop) is
spatially distal to the active site. We therefore removed the P1 loop and connected the
P1 stem directly to the T-box. This causes a significant change of connectivity, and
requires several modifications on the nonconserved P1 stem to maintain the native
secondary structure of dFx (shown in Figure 5.5A). In addition, a poly(A) linker was
added to connect and span the distance between the CCA tail-binding motif and the start
site of the P1 stem. This design was predicted to fold correctly, where both the T-box
module and the dFx module have the same predicted secondary structure as their
standalone RNAs (Figure 5.5).

5.4.2

Discriminator base and anticodon recognition by STARzyme

Using single turnover kinetic assays, we found that the aminoacylation activity of
STARzyme depends critically upon the discriminator base and the anticodon of the tRNA
substrate (Figure 5.7). The reaction rate of the WT tRNAGlyGCC is ~3-fold lower than that
of the tRNAGlyGCC U73A mutant. The U73A mutation was made to restore the base pair
between the discriminator base and the CCA tail-binding motif on STARzyme. This
result indicates that the discriminator base contributes ~3-fold to the observed specificity.
At the anticodon loop, the WT tRNAIleGAU is ~2-fold less reactive than the tRNAIleGCU or
tRNAIleGCC mutant. Mutations introduced into tRNAIleGCU and tRNAIleGCC are expected to
restore the specifier-anticodon base pairing. This result is further supported by an assay
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using a STARzyme mutant that contains a GGC-to-GAC specifier mutation (G88A).
Upon introduction of the G88A mutation, STARzyme is most active with the tRNAGly
mutant that carries a compensatory GCC-to-GUC mutation in the anticodon. In
comparison, STARzyme G88A is ~2-fold less active with the original tRNAGly U73A
construct (Figure 5.7C and Table 5.2). Overall, these data suggest that the anticodon
contributes ~2-fold to the observed specificity.
The specificity determinants for T-box-mediated antitermination have already
been well established (213-215,219). Both structural and biochemical data indicate that
the natural T-box riboswitch recognizes the discriminator base and the anticodon
through sequence specific base pairing, in which the former interaction is mediated by
the internal bulge located at the antiterminator domain, whereas the latter interaction is
mediated by the specifier loop embedded in the T-box stem I domain (214,217,218,221).
Here, we deleted the T-box antiterminator domain because it is not needed for tRNA
binding. The specificity determinant for binding of the discriminator base should be lost
in the antiterminator-deleted T-box module due to the absence of the antiterminator
domain; however, we show that STARzyme has the same set of specificity determinants
as the natural T-box riboswitch. Efficient discrimination against the noncognate tRNA is
achieved by examining both the discriminator base and the anticodon of tRNA. Given
that the original flexizyme recognizes the discriminator base (211), it is mostly likely that
our STARzyme has inherited this important specificity determinant from the parental
flexizyme molecule. In addition, the original specificity determinant for anticodon is
maintained in our STARzyme.
As mentioned in the introduction, the amber stop codon is commonly used to
encode an unnatural amino acid substrate in protein engineering applications. We
therefore attempted to reprogram the specificity of STARzyme towards a tRNAGly mutant
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carrying the amber anticodon (tRNAGlyCUA) by introducing a GGC-to-UAG mutation at the
specifier loop. However, we observe that upon the introduction of this mutation,
STARzyme is ~4-fold less active and no longer has the tRNA specificity (data not
shown). In addition, this STARzyme mutant charges only ~15% of tRNA (fmax < 15%).
This suggests that the GGC-to-UAG specifier mutation misfolds STARzyme. Previous
phylogenetic studies indicate that the majority of natural T-box riboswitches, including
the glyQS T-box that we used in this study, have a C at the third position of the specifier
loop (212,222). Replacing this highly conserved C with other nucleotides abolished the
ability of T-box to mediate antitermination (223). The strong preference for a C might
explain our negative result. One exception to this rule is the lysine-responsive T-box.
The lysine T-box prefers a G at the third position of the specifier sequence, which
matches the first C of an amber stop codon (222). It remains to be seen whether we
could engineer a lysine T-box using the same design strategy, and importantly, whether
the lysine T-box could be used to recognize the amber suppressor tRNA.

5.4.3

What contributes to the observed difference in fmax?

In this study, we performed single turnover kinetics. Single exponential time course was
observed in all of the assays we performed, which seems to be consistent with chemistry
being the rate-limiting step. However, analysis of the extent of aminoacylation reaction,
fmax, suggests that binding of the tRNA substrate may also contribute to the observed
time course. In the presence of the cognate tRNAGlyGCC U73A mutant, STARzyme reacts
to ~55% of completion. However, in the presence of the noncognate tRNAs, STARzyme
only reacts to 40–44% of completion (Table 5.1). This trend is maintained when the
tRNA specificity of STARzyme is reprogrammed towards the tRNAGlyGUC U73A mutant,
where STARzyme G88A mutant reacts to ~56% of completion only when the cognate
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tRNA species is present; while fmax drops significantly from ~56% to ~43% in the
presence of the noncognate tRNA. The reduction of the observed fmax value may be due
to nonspecific binding of the noncognate tRNA to STARzyme, which causes the
ribozyme and the substrate to form a nonproductive complex. Interestingly, dFx reacts to
a similar extent regardless of the tRNA identity, even though the kobs decreases by ~3fold in the presence of the noncognate WT tRNAGlyGCC (Table 5.1). We also observe that
STARzyme reacts to at least 20% less complete compared to dFx (Table 5.1). This
suggests that a significant portion of STARzyme is misfolded and is not actively engaged
in aminoacylation.

5.5

Summary and future direction

In summary, we have succeeded in constructing a tRNA synthetase-like ribozyme that
works in vitro. This engineered ribozyme is named specific tRNA aminoacylating
ribozyme or STARzyme. We show that STARzyme recognizes both the discriminator
base and the anticodon of the cognate tRNA (Figure 5.7). The next step of this project is
to test whether or not STARzyme would work in a reconstituted in vitro translation
system and ultimately in cells. Because STARzyme was not reverse engineered based
on the desired phenotype, it is likely that the current design is not optimal for
incorporating unnatural amino acid into cells. Parameters that could affect the
performance of STARzyme in cells include catalytic efficiency, substrate specificity,
multiple turnover ability, etc. In addition, it remains to be seen whether the DBEactivated unnatural amino acid substrate could be efficiently transported across the cell
wall and/or the cell membrane.
We plan to further improve the design of STARzyme by using a bacterial cellbased screen. We reason that bacterial cells are more tractable than eukaryotic cells in
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general, therefore should be tested first. Our previous data suggest that the 8-nt poly (A)
linker artificially introduced between the tRNA-recognition module and the catalytic
module of STARzyme plays a critical role in determining the catalytic efficiency and
specificity (Table 5.1). Therefore, we choose to optimize the linker sequence by creating
a library containing 8 randomized nucleotides in the linker region. We will co-express the
STARzyme library with a cognate amber suppressor tRNA. This expression construct
will be cloned into a plasmid carrying an antibiotic resistance gene. An amber stop
codon will be introduced into the open reading frame (ORF). We will chemically
synthesize the desired unnatural amino acid, and add the synthesized substrate to the
growth medium. We expect that in the absence of the synthesized amino acid substrate,
translation of the antibiotic resistance gene would terminate prematurely due to the
presence of the amber stop codon in the ORF. This would lead to inhibition of gene
expression and slow growth. However, upon adding the synthesized amino acid
substrate to the growth medium, amber suppression would be expected in colonies that
contain the functional STARzyme construct. This would permit translation of the
antibiotic resistance gene, leading to increased antibiotic resistance and faster growth.
This in vivo screen is expected to identify the STARzyme clones that work inside
bacterial cells.
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